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ABSTRACT 
Understanding the behaviour of towed objects is key in many 
disciplines. For example, towed underwater equipment for 
geological survey, or space applications such as “slingshot” 
deployment of satellites. 
In the airborne case, the free end of a long, circularly towed cable 
will become almost stationary below the centre of the tow vehicle 
circle. Some speculate that this near-stationary state offers 
promise of a payload delivery and retrieval technique. Many 
contributions have been made of modelling and analysis methods 
which have provided solid understanding of the behaviour of an 
ideal airborne, circularly-towed system. 
Fewer contributions exist of experimental results. This Thesis 
responds to that lack by documenting a series of experiments 
conducted by the author, which specifically explored the 
behaviour of small scale systems and a single full scale system. 
In the course of the experimental program, several behaviours, 
not predicted by analytical work to date, were observed. One was 
further explored and also analysed, using an existing model. This 
demonstrated that the model used could yield results consistent 
with the observed behaviour.  
Observation of these unpredicted behaviours has identified 
several areas where further work is required, in order to move 
closer to a practical realisation of the payload delivery concept. It 
Page xx 
is the recognition of these new behaviours which is the 
contribution of this Thesis to the body of knowledge. 
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GLOSSARY 
AGL  Above Ground Level 
Balloon  Term identifying the curved shape of the yarn pulling from the 
spool in fabric manufacture 
C of G  Centre of Gravity 
C of P  Centre of Pressure 
CASA  Civil Aviation Safety Authority 
CCA  Circuit Card Assembly 
CIC  Computer in Control 
FLY File  A file read by the Micropilot system, containing instructions for the 
flight path to be followed. 
GPS   Global Positioning System 
IC  Internal Combustion 
Jump Phenomena  Sudden movement of the towed payload, “jumping” from one 
position to another 
Multi‐Valued  Regions of operation of the tether system where the governing 
equations show multiple solutions for position. Synonymous with 
unstable 
Node  A term used by this author to describe a point along the circularly 
towed tether where displacement of the tether from the axis of 
rotation is a minimum 
PDE   Partial Differential Equation 
PIC  Pilot in Control 
PID  Proportional Integral Differential 
ROV  Remotely Operated Vehicle 
Space Tether  The specific application of tethers to the space environment 
TACAMO  “Take Charge And Move Out”. An American program utilising long 
circularly‐towed aerial cables as antennas for vertically polarised 
Low Frequency radio communications 
Tail Dragger  An aircraft with “conventional” undercarriage consisting of two 
main wheels forward of the Centre of Gravity and a tail wheel or 
skid 
Tether  A cable or rope towed by a moving vehicle  
UAV  Unmanned Aerial Vehicles 
Wind Shear  The difference in wind velocity at different altitudes 
Yo‐Yo Mode  Also called Bungee Mode. A cyclic stretch and relaxation of a tether 
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RESEARCH QUESTIONS 
 
This Thesis documents a series of experiments conducted by the author, into the 
behaviour of circularly towed aerial tethers. As discussed in the text of the Thesis, 
this is a topic that has been extensively studied, analytically, over several centuries. 
There is a large body of analytical and modelling work in existence, containing 
contributions to the body of knowledge by many scholars.  
In the course of studying already published material the writer noted an emphasis on 
analytical work, with much less availability of supporting experimental data. This 
observation led to the decision to frame the Research Questions in the context of an 
experimental program. 
The purpose of this series of experiments was to explore some of the behaviours 
occurring in the practical application of the concept, theory and analysis, and to note 
behaviours not predicted in the analytical work of others. 
The Literature Review, plus the observation about experimental data, led to the 
framing of the Research Questions as follows: 
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RESEARCH QUESTIONS: 
1-1  What are the key parameters in an experimental towed tether system which 
most effect the tether system behaviour and do these experimental parameters 
accord with theoretically derived predictions? 
1-2  What are the simplest parameter changes which can be made to the circularly 
towed tether system to effectively reduce the diameter of the towed payload circle? 
1-3  What flight path of the towing aircraft will provide successful pick up and set 
down of the towed payload? 
1-4  Does the towed tether system lend itself to or require the use of automatic 
control (i.e. an autopilot with ancillary controls for the towing aircraft)? 
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1.  
 1..INTRODUCTION 
This chapter provides an overview and introduction to 
the writer’s experimental work on circularly towed aerial 
tethers, presented in this thesis. It provides a brief 
historic overview, outlines the very few, actual aerial 
towed applications and briefly discusses the analytic 
work done over many years. A summary is provided of 
the research direction taken. In the course of the work, 
several significant findings were made of tether 
behaviour, which had not been predicted in any of the 
published works on this topic. These findings are briefly 
introduced. The chapter concludes with an outline of the 
Thesis and its contribution to the body of knowledge.
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1.1. Historical Overview 
The behaviour of towed tethers has been extensively studied over many 
years. Many authors have presented papers citing work spanning over half 
a century. [1-3] 
The published work all has its roots in study by the Swiss mathematician, 
Euler, into the behaviour of a suspended rod spinning about its longitudinal 
axis. Euler developed the equations of motion for a cable spinning about 
its own axis. This work was carried out around 1750. [4] 
There exists a large body of published work dealing with waterborne 
applications. There is far less for the aerial case, most of which is 
analytical, simulations and modelling. A more detailed discussion of some 
of the major theoretical contributions is provided in section 1.2 of this 
introductory chapter. The two major considerations have been the motion 
of the tether itself, and of the end bodies attached to the free end of the 
tether. Specific cases have considered tethers with no end bodies, [5] 
while others have analysed the behaviour as end body mass and drag 
have been varied. [6] 
One particular case has been analysed and modelled by a number of 
people, over many years. This is the case of a tether, with or without an 
attached load at the free end, towed by an aircraft flying in a circle at 
constant altitude and airspeed. [7, 8] 
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Analytical work has predicted that the free end of the tether will describe a 
circular path at a smaller diameter than the towing aircraft (Some analysts 
predict a diameter ratio of around 10%) [6] 
With the right combination of aircraft circle diameter, airspeed, tether 
length and end body (payload) mass, the analysis predicts that the end 
body can achieve a short-term, near stationary state, with the tether 
describing a helix shape between the aircraft and the end body. Figure 1-1  
illustrates this. 
 
 
Figure 1-1  Towed Cable Configuration 
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In the studies of the circularly towed cable systems there have been a 
variety of models developed. Much work has been done on the stability 
and equilibrium of the dynamic system. [9] There has been far less 
recorded experimental work for the aerial case. This introduction recounts 
the practical applications which the author found documented. It also 
references reports of lab results from small scale experiments. The 
documented experimental results, with one exception, occur in the case of 
cables towed underwater. [10] One case was found providing data for a 
small scale experiment of circularly towed tethers towed in air. Clifton et al 
[7] make reference to flight test data proving their model for verticality of a 
towed cable used as a vertically polarised antenna. However the actual 
data is not presented. Some experimental data exists for towed airborne 
cables in the straight line case in the wind tunnel environment. [11] Much 
of this work has focussed on the stability of the towed cable [12, 13] 
because of the multiple multi-valued states which vary with drag, speed, 
length and mass. This work has tended to use a continuum model of the 
tether/payload system using either a Galerkin discrete analysis or a finite 
difference method. Clifton et al [7] compared flight test data from full scale 
aerial tow of a long wire antenna with their simulation and found poor 
correspondence for the verticality in which they were interested. 
 
Another modelling technique for simulation of the towed cable system is 
the lumped mass model. This replaces the continuous model of the cable 
Page 1-5 
with a set of discrete point masses joined by springs. [14] This method has 
been used to model space tether systems. [15, 16] 
Consideration of the recorded work studied by the author, led to the 
development of the research effort described in this thesis. This work was 
for the specific purpose of gathering experimental data that could be used 
to validate theoretical models and analyses already in existence for the 
circularly towed case. Some early results have already been used and 
presented in papers referenced in Chapter 2. [1, 17] Some comparison 
and validation work accomplished by the author is presented in the body of 
this thesis. 
In the extant literature, the two most predominant terms used for the towed 
cable are tether and cable. These two words appear to be used 
interchangeably, although in some instances it has been noted that the 
term cable is specifically used for wound metal wire ropes. There have 
been occasional uses of the term rope in cases where the experimenter 
has used a larger diameter, non-metallic rope. In the present work the 
author mainly uses the term tether, although other uses of the terms cable 
or rope will appear when this is consistent with materials used or literature 
cited. Unless specifically noted the terms will be used interchangeably. 
The work described in this thesis was conducted as part of a broader 
research program which has been carried out over several years. This 
work is under the guidance of Prof. Pavel Trivailo in the School of 
Aerospace, Mechanical and Manufacturing Engineering of RMIT University 
in Melbourne, Australia. Prof. Trivailo’s team has made important 
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contributions to the knowledge of behaviour of towed tethers in water, air 
and space. In particular there has been significant work done in the area of 
long towed space tethers. [16] The current work described in this thesis 
has been focussed on the towed aerial tether case, for the purpose of 
supporting development of techniques for controlling the position of 
payloads attached to the free end of towed aerial tethers. The long term 
goal is to enable accurate positioning, which will allow delivery to and 
retrieval from the ground of various payloads. 
Interest exists in this application, because of the possibility of improving 
over existing techniques for payload delivery and retrieval. Currently, aerial 
delivery of large payloads over long distances by air requires the use of 
fixed-wing aircraft, and either an airport or the use of a parachute drop 
technique which has a moderately high loss and damage outcome. 
Retrieval requires an airport. Helicopters are able to deliver and retrieve 
payloads without a prepared airfield, but suffer limitations in range, 
payload mass and volume, in addition to the high maintenance costs 
associated with the complexity of the modern helicopter. Retrieval of 
personnel from remote locations is currently limited to helicopters.  
There have been two notable personnel retrieval systems, both military 
applications and both now abandoned, where fixed wing aircraft have 
been used.  
The first was the “All American System” The following quote, taken from 
“The Airway to Everywhere” [18] describes the system. 
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“An innovative extraction method, reportedly used by the British toward the 
end of the war, involved the use of a modified version of a mail pickup 
system that had been invented by Lytle S. Brown during the 1920s and 
perfected before Pearl Harbor by All American Aviation. The All American 
system used two steel poles, set 54 feet apart, with a transfer line strung 
between them. An aircraft approached the ground station in a gentle glide 
of 90 mph, while a flight mechanic paid out a 50-foot steel cable. As the 
aircraft pulled up, a four-finger grapple at the end of the cable engaged the 
transfer rope, shock absorbers cushioned the impact, and then the flight 
mechanic winched the captured load on board”. [18] 
The later Fulton Aerial retrieval system [19] used a specially equipped 
aircraft to capture a balloon attached to a 500 ft long tether, connected to a 
harness worn by the person being retrieved. The aircraft made a straight 
capture run at an altitude of 425 ft. snaring the tether between the arms of 
a fitting on the nose of the aircraft. This tether capture method was less 
risky for the aircraft than the British method, because the retrieving aircraft 
was able to maintain a higher altitude than that necessary with the British 
method. Figure 1-2 & Figure 1-3 show a C-130 aircraft fitted with the 
Fulton system. 
This system has also been used to capture returning space vehicles, 
descending under parachutes after re-entry. 
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Figure 1-2 C-130 with Operating Fulton Skyhook System  
Photo from Wikipedia internet article titled FULTON AIR RECOVERY SYSTEM 
 
Figure 1-3 C-130 Fitted with Fulton Air Recovery System 
Photo from:  http://www.airliners.net/photo/USA---Air/Lockheed-HC-130H-
Hercules/0226337/M/ 
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There are no known examples of fixed wing aircraft being used to pick up 
large loads from the ground while still airborne. However, the ability of 
large fixed wing aircraft to aerial tow heavy objects has been 
demonstrated by NASA in an experimental tow of a 36,000 lb aircraft 
exhibiting a drag load, and hence cable tension, of 6900 lbs. [20]  
The analytical and modelling work done to date suggests the possibility of 
using the circularly towed aerial tether for payload delivery and 
retrieval.Error! Bookmark not defined. There are two known practical 
applications of this technique, and a third application which was developed 
primarily as an air show routine. Some work has been done suggesting the 
possibility of aircraft operating in tandem with multiple linked cables for 
heavy load retrieval. [21] 
The original idea of deploying a cable from a circling aircraft to achieve 
stationary or near-stationary motion of the end point is generally credited 
to Nate Saint. [22] Saint was a pilot with the Missionary Aviation 
Fellowship whose job was provision of airborne support for the various 
Christian missionaries working among the Indian tribes in Ecuador. In 
addition to moving people to and from remote airfields, his work also 
involved delivery of small supplies and messages to even more remote 
mission stations where there was no airfield. 
Rather than dropping the items from the aircraft, a canvas bag containing 
the items was lowered on a rope from the aircraft as Saint flew in a circle 
centred on the delivery target point. This brought the canvas bag to a near 
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stationary point on the ground, where the items were retrieved. Figure 1-4 
shows this delivery technique in operation 
 
Figure 1-4 Nate Saint Flying the "Circle Tow" 
Photo from “Jungle Pilot” by Hitt Ref Error! Bookmark not defined. 
This concept was first demonstrated by Saint, in the 1950s. He found, 
experimentally, that the presence of cable drag, and a reasonably large 
drag to weight ratio on the end body, causes the cable tip to move towards 
the centre of the circle as the aircraft orbits. For certain combinations of 
the system parameters (tow speed, circle radius, cable length) the cable 
takes up a stable configuration with the cable tip almost stationary in an 
inertial frame. This idea was utilized by Nate Saint to deliver and retrieve 
items to and from the missionaries and Indians in Ecuador. In at least one 
case, Saint placed a telephone handset in the towed canvas bucket. When 
lowered to the ground this enabled voice communications with 
missionaries in a remote site while Saint circled above.  
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In order to position the end body (in this case a canvas bucket) Saint 
found it necessary to fly an accurate circle within tight altitude tolerances. 
Unfortunately there is no known data providing accurate details of rope 
length, airspeed and circle diameter, payload weight or other variables. 
The second application known to exist is currently used by the US military 
to provide long vertical antennas for Very Low Frequency communication 
with submarines. A long (22,000 ft) cable is towed behind a circling E-6 
aircraft (a military derivative of the Boeing 707) in the TACAMO project. [5] 
The aircraft is fitted with two such trailing antennae and 
deployment/retrieval winches. The current E6 TACAMO project has its 
genesis in the 1962 deployment of KC-130 Hercules aircraft fitted with the 
same long wire antennae. 
In the TACAMO application the intent is to use the circling manoeuvre to 
achieve a substantial portion of the trailing antenna hanging stationary, to 
allow vertically polarised radio communications. Since there is no intent to 
deliver a payload it does not require the same positional accuracy as the 
application made by Nate Saint, although the principal is the same. 
There has been some data documenting that TACAMO application [7] 
which has had as its focus the verticality of the towed tether. There have 
also been several computer models developed to analyse this specific 
application. Ref Error! Bookmark not defined. Figure 1-5 shows the 
output of the WIRE4NEC and STWANEC programs. 
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Figure 1-5 Steady State Dual Trailing Wire Antenna Geometry 
Graphic from paper by J. K. Breakallo. [5] 
 
There is nothing in that data relating to the pickup and set down of 
payloads. This is understandable, given the purpose of the application, 
and given that the cable is deployed and retrieved while the aircraft is 
airborne. 
The third application known to the author was achieved independently by a 
New Zealand pilot, Paul Beauchamp Legg, at around the same time as 
Saint was perfecting his delivery methods. Paul developed the technique 
after observing the behaviour of the free end of a recovery rope which he 
had aerial towed out to a fisherman who had been swept off rocks. This is 
not documented in any academic literature. Paul refined the technique into 
an air-show routine using a dummy to simulate lifting and lowering of a 
person. 
The author visited Paul in his home in Picton, New Zealand in 2008, and 
spent several hours discussing Paul’s observations of the manoeuvres 
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required to achieve reproducible, controlled pick up and set down of the 
payload.  
No other applications have been found in the published literature where 
the behaviour of a circularly towed cable has been documented. 
The author interviewed several pilots and observers who work in the field 
of aerial target towing for military gunnery work. Several had observed the 
tendency of the towed target to move toward the centre of the turn when 
the aircraft is reversing direction at the end of a target run. None had 
observed the ultimate case of the aircraft flying one or several circles at a 
small diameter. 
1.2. Research Direction 
As mentioned earlier in this introduction, there is little accessible published 
data for the case of circularly towed aerial tethers. Some data exists for 
the water towed case. [10] 
The objective of gathering measured experimental data guided the design 
of the experiments. It led to the decision to focus on measurement tools for 
accurately determining the position of the towed payload and the towing 
aircraft, while not attempting to quantify the tether shape or behaviour. 
Repeatability and controllability is an important aspect of practical 
applications and so the research design considered means to control the 
flight path of the towing aircraft. Where the opportunity existed, specific 
cases, such as the effect of wind on the behaviour of the towed end body 
were further examined.  
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The research effort was structured in two parts. 
PART ONE 
Part one was a simple, low cost, low scale experiment, intended to yield 
some empirical information and gain familiarity with the behaviour of towed 
tethers and payload. It was also intended to investigate scalability. Could 
results found with the small scale models used in this research be 
reasonable scaled to predict full scale behaviour? This experiment is 
described in greater detail in Chapter 4. 
The experiments in this part were conducted using a motorised arm, 
rotating in a horizontal plane, with string attached to the tip, to provide the 
circular tow. A small piece of modelling clay (plasticine) attached to the 
free end represented the towed payload. Combinations of fan speeds, 
tether length and payload mass were tested. Photographs and video 
records were measured to quantify the behaviour of the towed payload. 
During this work, an accidental discovery occurred when the string tangled 
at about 1/3 length above the payload. This resulted in a change to the 
behaviour of the payload. Additional testing was therefore carried out to 
investigate the effect of extra mass or drag applied part way along the 
tether. The results obtained here, which are described in greater detail in 
Chapter 4, led to a series of test flights with a small scale flying model, 
described in Chapter 5. Included in this flight test series was a 
demonstration of the benefits of a stabilising point load applied to the 
tether.  
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Of interest and benefit was the correlation found for the high angular rate 
case with the ceiling fan, versus the low rate systems studied for the aerial 
towed cases others have analysed. 
PART TWO 
Part two was a small scale flying model, using a radio controlled aircraft 
towing a small payload pod on a tether approximately 200 meters long. 
Combinations of tether length and payload mass were trialled. The 
payload and the towing aircraft were fitted with a sensor package 
consisting of accelerometers, gyros, GPS and airspeed and altitude 
sensors. Data gathered was post processed.  
During this portion of the work, the effect of wind on the towed tether was 
noted and investigated further. This is documented in Chapter 5. Early 
work assumed a Drag Free tether. [3, 23] 
Efforts were also made in this part to control the flight path of the towing 
aircraft automatically. An autopilot system was incorporated with the 
sensor package. It was found that autopilot used was incapable of 
providing long term stability for the specific case of small diameter low 
speed towing circles. Other strategies were evaluated. 
This stage also highlighted the need to stabilise the payload pod for the 
straight tow portion of the test flights. Passive aerodynamic attempts were 
made initially and were found to be insufficient.  
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Post processing work was also required to achieve accurate, useable, 
repeatable data. The sensor package used GPS as the primary position 
determining tool. Differential correction was not used. During 
characterisation of the sensor packages small position jumps were 
observed. These, and the results of vibration effects on the 
accelerometers, were corrected during post processing. 
The hazards of low level aerial work were amply demonstrated with the 
loss of three aircraft, including two data systems. For this reason, the 
amount of data gathered was somewhat limited. However, sufficient data 
was obtained to support several significant observations and point the way 
to future areas of study. 
1.3. Thesis Contributions  
The primary contribution of the research work carried out and presented in 
this thesis was to gather data that can be used to validate theoretical 
modelling of towed tether behaviour. Some of this validation has been 
done by others in the research team, and, in the main, good correlation 
has been found. 
In addition, the research led to the discovery of the stabilising effect of 
mid-tether drag. This was trialled by the addition of a wind sock at the 
midpoint of the tether and found to contribute greatly to reducing the 
diameter of the circle followed by the towed body. It was also observed to 
reduce vertical motion of the end body. 
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In addition, it was found that the published literature studied made the 
assumption of zero wind, resulting in the circle of the free end of the towed 
tether being centred under the circular path of the towing aircraft. In 
practice it was found that the number of zero wind days is small. Data has 
thus been collected and studied for the behaviour of the end body when 
winds push the tether and end body outside the circular path of the towing 
aircraft.  
A further contribution is insight into the difficulty of application of a small 
autopilot to small UAV’s, where attitude control outside of the normal 
straight and level case was required. 
1.4. Thesis Outline 
The thesis begins with this introduction. The second chapter is a review of 
significant literature studied by the author in the course of this research 
project. Chapter 3 discusses some aspects of modelling, together with 
some experimental validation of models. Subsequent chapters describe 
the two stages of the experimental program. There follows a discussion of 
the results achieved. Finally there is a concluding chapter which 
summarises the whole and makes recommendations for future work. 
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2.  
 2..LITERATURE REVIEW 
This chapter provides a review of literature studied in the course of 
formulating the research questions, conducting the research and 
developing the results. The primary focus of the literature studied by the 
current author was for aerial towed tethers. Literature pertinent to this topic 
is considered first. Additional literature is considered covering a variety of 
related disciplines. Water towed applications provided some immediately 
applicable information. There has been considerable work carried out on 
the carriage of loads on slings beneath helicopters. Work in this area on 
instability and on control of pendulous motion is significant. 
The review is divided into sections as follows: 
Section 2.1 reviews the literature found in relation to circularly towed 
cables. 
Section 2.2 reviews literature found in relation to aerial towing other than 
the special circular tow case. 
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Section 2.3 reviews literature referenced for towing in other media, namely 
water. 
Section 2.4 brings in other considerations such as helicopter slung loads.  
. 
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OVERVIEW: 
Much of the literature studied made reference to the broad expanse of 
historic work on the topic of circularly towed cables. The general case of 
towed cables has been widely studied and documented. In addition there 
has been great interest in analytical techniques for describing the motion 
of rotating cables. The earliest known work is that of the Swiss 
mathematician, Leonhard Euler (1707 – 1783) who derived solutions to the 
behaviour of a heavy cable spinning on its own axis.  
With one exception all the academic literature studied on circularly towed 
cables considered only the constant altitude case. None considered set-
down and pick-up manoeuvres required for the payload delivery scenario. 
Only two references to this were found outside the academic literature. 
One was in the biography of Nate Saint, who was mentioned in the 
Introduction to this thesis. The second was in a fictional work by the New 
Zealand pilot interviewed as noted in the Introduction chapter. The 
description provided there was based on Beachamp-Legg's practical 
experience. 
Various authors have considered the case of the cable being represented 
by a series of linked rigid rods. The cases for circular towing in a vacuum, 
in air and in water have been studied.  
Of interest to the author was to find extensive studies on the same topic in 
the field of Textiles manufacture. Several papers, referenced below, 
address the subject of the behaviour of yarn pulled from a spool in a 
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manner which gives rise to rotation of the yarn in a manner similar to that 
imposed by the aerial towing case. The textile case addresses high 
angular speed rotation whereas the aerial tow case addresses low angular 
speed rotation. The textile case considers very light, thin yarn. The aerial 
tow case considers much heavier, thick cable or rope. The textile case is 
concerned with yarn lengths of the order of one hundred to one hundred 
and fifty millimetres. The aerial case is concerned with tether lengths of 
hundreds to thousands of meters. Despite these differences the published 
work shows great similarities between the two fields of study. 
There are several papers that are referenced by most of the academic 
literature studied on the circularly towed case. These are highlighted 
where appropriate. 
2.1. Circularly Towed Cables 
One of the frequently referenced papers was that of Russell and Anderson 
[9] who presented the simplest case of a single rigid rod, towed in a 
vacuum, and then added the effect of viscous drag. They also examined 
the aerial tow case, considering the effect of small cross winds in exciting 
dynamic instability. This is a consideration in the real case of towing 
outdoors under varying wind conditions. Theirs was the only work which 
considered the effect of wind and wind gradients on the cable. Other 
authors assume a zero wind scenario. Russel and Anderson considered 
only the case where wind strength was insufficient to move the towed body 
outside the path of the towing aircraft. It was this lack of consideration of 
the probable scenario of aerial towing in other than still or near still air, 
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which led the writer to seek experimental data for the strong wind case. 
This was done late in the experimental series, and yielded some surprising 
and useful results. These are presented and discussed in Chapter 5. 
 
Another widely referenced work was that of Skop and Choo.[6] They 
developed equilibrium equations for the airborne cable/body system and 
analysed the multi-valued regions. Their interest was in the applicability of 
the technique to support a payload delivery scenario. They noted the 
presence of single valued regions for particular combinations of the 
variable parameters of cable length, tow vehicle path radius and velocity. 
They developed a dimensionless model which the author found of value in 
considering the applicability of the very small scale experiments conducted 
in the first stage of the current work. A comparison of the data gathered by 
the writer with the tether behaviour predicted by Skop and Choo’s model 
showed strong correlation. In particular they noted that an end body path 
radius of less than 10% of tow vehicle path radius exists in the single-
valued region. The writer found this to be so for the very small scale 
experiment described in Chapter 4 of this current work.  
 
In an independent paper Choo [24] reported finding only single-valued 
solutions for the water towed case. This was significant in predicting that 
high drag on the tether would have a stabilising effect, eliminating the 
multi-value region of operation noted by many of the authors. This 
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confirmed an experimental finding made by this author, and contributed to 
the addition of test work with a high drag device fitted to the tether. 
 
In one of the limited number of experimental cases found, Brushwood [25] 
verified, for the full scale TACAMO case, how specific Anti-Yo-Yo control 
inputs reduced variations in tether tension. He demonstrated that an 
autoflight system using fuzzy logic achieved a level of tether tension 
control not achieved by manual flight control. Recent work at RMIT has 
considered the use of a controlled speed tether winch to achieve the same 
result. Provision was made in the experimental plan to fly a model fitted 
with such a winch, and gather data for the effect on payload path control of 
changes in tether tension. It was anticipated that the effects noted by 
Brushwood would be apparent in the winch case. 
 
Kolodner [3] studied the behaviour of a heavy rotating string, considering 
the case where there was no payload attached to the free end of the 
string. The work was presented as a non-linear eigenvalue problem, with 
emphasis on the multiple modes of rotation. This work contributed to a 
decision by this author to test only for the case of a mass or drag load on 
the free end of the tether. 
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Clifton, Schmidt and Stuart [26] developed equilibrium equations for the 
airborne towed cable/body system. Their interest was in the verticality of 
the free end of the cable for its use as a radio communications antenna. 
There was a single graph presented, showing a correlation within 10% for 
verticality between the analytic model and a single test case at high speed 
(150 knots) high altitude (18,000 ft) with a long cable (20, 000 ft). The 
referenced paper was an extract of Clifton’s doctoral thesis for the US 
Navy. The thesis was not available for review. This work indicated to the 
author that tether length was a parameter contributing strongly to the 
diameter of the towed body circular path, with longer tethers reducing the 
diameter, to a limiting point. Early stages of the current experimental 
series were length constrained as explained later in chapter 5. The later 
full scale case has allowed experiments to be conducted with longer 
tethers. 
 
Srivastava and Ganapathy presented a pair of papers, one documenting 
their theoretical studies of the water towed case [27], the other 
documenting their experimental results for a small scale experiment.[10], 
They found that their experimental results confirmed their analytic method. 
Their work was useful to the author in providing insights into scaling 
methodology from the small scale experiment to full scale. This was 
instrumental in the author being confident to apply insights from the small 
scale indoor model to larger scale outdoor experiments. 
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Zhu and Rahn [12] provided an analytic study of the circularly towed case, 
again focussed on verticality. The significant contribution is their finding of 
stable single-valued solutions for low rotation speeds and the decrease in 
towed body path radius as cable length is increased. This complemented 
the work of Clifton, Schmidt and Stuart, referenced above. 
 
Williams and Trivailo [17] analysed a case found in the current research as 
documented in Chapter 4, of a mid tether point drag. They found 
significant stabilising effect on the end body motion. This effect was further 
investigated experimentally, as documented in Chapter 5. This analysis 
confirmed the observation by Choo of the effect of drag, as noted above. 
 
Williams, Lapthorne and Trivailo [1] presented experimental results for a 
small scale water towed case showing good correlation with the analytical. 
They also showed one set of results from the experimental work 
underlying this thesis for a small scale airborne case. This again showed 
good correlation between the analytical and the experimental results. 
Further detail on this is given in chapter 4 of this thesis. 
 
Lapthorne and Trivailo [28] published the finding of the mid tether mass 
effects and other new discoveries in the present work. 
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Lemon and Fraser [29] analysed the effect of aerodynamic drag on a 
heavy cable. Starting with the drag free case, they showed the effect of 
increasing drag in decreasing the number of stable states, until with 
sufficient drag a single stable state exists. This work was significant in 
guiding the choice of a rough, large diameter tether material for the current 
work. This again is in parallel with the work of others and the experimental 
findings by the author. 
 
Clarke, Fraser, Rahn and Rajamani [30], published in 2005, described an 
experiment similar to that conducted by this author in 2004. Clarke et al 
showed, experimentally, the behaviour of a heavy whirling cable at high 
rotation rates. (This was the subject of Clarke’s PhD Thesis, with reference 
to application in the behaviour of threads pulling off reels in fabric mills) 
Some of the same behaviour was seen by this author in the small scale 
experiment described in Chapter 4. However, the use of light whirling 
tether by this author led to operation in a different region than that studied 
by Clarke et al. 
 
Stuart’s [31] thesis on the effect of helical grooves on tether tension helped 
explain the reported observation of differing behaviour of the tether in left 
and right hand turns by aircraft towing gunnery targets. These reports 
were made to this author in interviews with target towing pilots. They had 
noted that in turns which unwound the wound wire towing rope, decreasing 
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the number of helical turns, and thus the drag, that the towed target 
altitude increased. Conversely, in turns in the opposite direction which 
tightened the helical wrap, the towed target altitude dropped. It was a 
result beyond the scope of this experimental project but is noted as an 
area for future work. 
 
Huang [2] developed a mathematical model for the spatial configuration 
and tension along the tether for the circularly towed case. His work 
includes a FORTRAN program listing and a sample of results from the 
program for a particular case of aircraft speed and tether properties. This 
work showed early efforts to use computational power to analyse and 
model the tether. It was useful in providing a consolidated list of the 
parameters affecting the tether shape and payload path, which assisted in 
establishing table 2-1 toward the end of this chapter and later in framing 
the experimental work. 
Caughey [32] showed that for a whirling chain, there is a critical rotation 
speed above which multiple multi-value solutions exist. This is the same 
finding as that presented by Skop and Choo. These multi-value cases 
were seen in the small scale experiments conducted by the author. 
 
Caughey [33] again, in a later paper, presented a similar work for an 
elastic string, showing that there were multiple multi-value solutions for this 
case also. These two results gave the author confidence to use a lower 
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cost, elastic polyester cord for tether material in the early stages of 
experimental flying, and replace it with higher cost Spectra fibre later in the 
full scale testing. 
 
Clarke [34], in a paper addressing a totally different field, showed how 
rapidly rotating loops of yarn in kitting and weaving mills exhibited the 
same behaviour as the slow spinning loops in the aerial towed case. This 
replicates the experimental finding of this author 
 
2.2. General Aerial Towing 
There is a substantial body of literature on aerial towing including material 
on cable behaviour, towed object behaviour, characteristics of the towing 
vehicle, wind tunnel experiments, payload aerodynamics and active 
control. Much of this work has applicability to the current research as it 
addresses the cable/towed-body behaviour during the straight tow prior to 
or following the circular tow delivery/retrieval manoeuvre. 
 
Some of the published literature treats the cable as inextensible, idealising 
the equations. Other literature takes cable elasticity into account as having 
a significant effect on the instability modes. 
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An area of particular interest for the current work was that of stability of the 
towed object. Published literature suggested that there would be 
significant 6 degree motion in the towed body indicating a need for active 
stability control. This was confirmed by the author’s ineffective efforts to 
use passive methods of payload stabilisation. 
 
Mettam [11] reported the results of wind tunnel investigation of instability of 
a cable towed system. This work presented some useful comments on the 
speed ranges at which instability became significant. It suggested that for 
the low speed case of the current work, payload oscillation would exist but 
not be damaging. This was found to be true, as described in Chapter 5. 
Mettam also reports on the absence of any change in cable stability due to 
changing cable length and winch speeds during cable deployment and 
retrieval via an on-board winch.  
 
Phillips [35] conducted a cable stability analysis which showed that a high 
drag payload would contribute to damping of oscillations induced in the 
tow cable by the wake of the towing aircraft. His work also indicated a 
benefit in having the tow point on the towing aircraft placed away from the 
turbulent area behind the fuselage. This contributed to the decision to 
mount the tether attach point to the wing of the aircraft used for the final 
full scale testing carried out and described in Chapter 5. 
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Henderson, Potjewyd and Ireland [36] developed a 3-D simulation of a 
towed aerial target. They documented both passive and active methods of 
reducing the towed body excursions. They identified the limitations in the 
passive control effectiveness. This contributed to the decision, during the 
framing of the research, to work toward active control of the payload. 
Weight constraints prevented implementation until the full scale stage of 
the work was reached. 
 
Sgarioto and Trivailo [37] considered the variation of altitude and airspeed 
of the aircraft for the straight towed case, in order to place a payload on 
the ground. This provides some direction to the circularly towed case. 
 
Tang [38] considered the effect of yarn hairiness on yarn tension finding a 
10% increase in tension for the two samples of yarn studied. This 
supported an observation by Paul Beauchamp-Legg [39] that a “hairy” 
rope provided the most effective tether for payload lifting. This observation 
in conjunction with similar results in Lemon and Fraser’s work noted above 
led to the use of a rough textured tether material. 
 
Fan [40] showed how resonances in the rotating yarn produced significant 
variations in yarn tension. This is significant for the aerial tow case since it 
results in variations in the motion of the towed payload. 
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Zhu [41] considered the effect on yarn loop shape of yarn tension, length 
and air drag. These parameters are similarly significant in the aerial tow 
case. This paper alerted the author to the applicability of work in the 
completely different field of textile manufacture. 
 
Clifton [26] in his doctoral dissertation addressed, among other topics, the 
oscillations in the towed aerial cable attributable to wind shear effects. He 
studied, analytically, the mitigating effects of tow vehicle path modulation 
and of a drogue at the free end of the cable. This is reported in a published 
paper. The fuller description is presumably in Clifton’s thesis which is not 
available, being part of a US military study relevant to current active 
military programs. 
 
2.3. Towing in other media 
Hover [42] presented work on deeply towed (in water) cables and pipes. 
This work, which considered 4 non-linear control approaches, provided 
insights into dynamic scaling and in open loop control and tracking 
techniques. This contributed to consideration of control strategies in 
attempting to define an autopilot function for the towing aircraft. 
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Grosenbaugh [43] found for the waterborne case that a circularly towed 
cable with payload showed either monotonic or oscillatory behaviour 
depending on the turning radius of the towing ship. He also analysed the 
towed body behaviour during a full 360 degree turn and a 180 deg turn.  
 
Choo [24] derived the equations for the towline configuration and the end 
body position for a cable towed in water. He observed that the equations 
were applicable to both the airborne and water borne cases. He confirmed 
the observation made by this author that there is limited data available to 
support comparison of analytical and experimental results, which was 
partially instrumental in framing the research effort directed to producing a 
body of experimental data. 
 
Chapman [44] showed, for the water borne case, the existence of two 
modes of behaviour for the circularly towed case. For large radius turns 
the payload behaviour was similar to the straight tow case, and for small 
radius turn the payload descended sharply accompanied by a sharp 
increase in cable tension. 
2.4. Modelling 
While the main purpose of this current work is not modelling, reference to 
literature on this topic was made in the early stages of this work. The 
following is a brief discussion of that literature, partially showing the extent 
of studies, and the time period over which this work has been carried out. 
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Studies on the dynamics of cables and strings towed in circular paths have 
been presented in the literature, dating back to the time of Euler and 
Bernoulli for the drag-free case. Euler derived solutions for the linearised 
eigenvalues of a cable spinning about its own axis in the absence of air 
drag. Drag-free nonlinear motion was subsequently studied by Kolodner [3] 
and Wu [23] who obtained asymptotic solutions. Caughey [33] analysed the 
motion of the system when the tow point moved in a circular path and 
studied the dynamical stability of the solutions. More recently, Coomer et 
al. [45] studied the nonlinear eigenvalues of whirling inextensible strings 
and compared results with those obtained from an experimental rig. Lemon 
and Fraser [29] extended this work to consider inextensible cables towed 
in a circular path subject to aerodynamic drag, but without an end mass 
attached. Instabilities were observed in the linearised problem for 
combinations of low drag and high rotational speeds. 
Skop and Choo [6] investigated the equilibrium conditions and cable 
configuration for a cable towed in a circular path. The cable was assumed 
to be flexible, but inextensible. In determining the hydrodynamic loading on 
the cable, only the normal drag component was considered (the side and 
tangential components were set to zero). The drogue attached at the end 
of the cable was assumed to be spherical. For the airborne system 
example, added mass and buoyancy effects were neglected. Scaling 
laws for geometrically similar configurations were derived and results 
suggest that if the ratio of cable length to tow point radius is less than 6, 
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then the steady state radius of the drogue’s orbit will be greater than 80% 
of the tow point’s radius. For high values of  V√(gd), where V is the aircraft 
velocity, g is the gravitational acceleration at sea level, and d is the cable 
diameter, there are multivalued solutions for the cable equilibrium 
configuration. Increasing the weight of the drogue was shown to decrease 
the multivalued region. 
Russell and Anderson [9] studied a simplified model of the towed cable 
system by treating the cable as a rigid rod connected to a single point 
mass, representing the end body. Even with these simplifications 
multivalued solutions were shown to occur for particular rotational 
velocities. The results are analogous to those of a hardening spring- mass 
system. It was also shown that dynamic instability can arise in the system 
even in the absence of aerodynamic drag. Russell and Anderson [13] also 
extended the study to consider flexible cables, observing jump phenomena 
and dynamic instabilities. 
Zhu and Rahn [12] studied the stability of a circularly towed cable 
system by assuming small strains and by neglecting the tangential 
component of the cable drag. A Galerkin approximation was used to 
expand the cable vibrations into admissible coordinates, and the solution 
was linearised around the steady-state cable shape. Unique, stable solutions 
were found to occur for low rotational velocities, but multivalued solutions 
were reported for higher rotational speeds. By varying several properties of 
the system it was demonstrated that increasing the end body mass has a 
similar effect to decreasing the amount of aerodynamic drag on the 
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system. Similar results were obtained by Cohen and Manor [46] for the 
case of helical vertical descent (i.e., the tow point moves in a circle while 
simultaneously descending at constant velocity). A related study of 
ballooning strings subject to aerodynamic drag, i.e., where the top end is 
fixed and the bottom is rotated in a circular motion, was conducted by 
Zhu, Hall and Rahn. [41] Multiple loop solutions were obtained and 
validated experimentally. It was found that the steady-state tension tends 
to decrease as the number of loops increases. However, such solutions 
exhibit flutter and divergence. 
Clifton, Schmidt and Stuart [7, 26] studied the dynamics of a cable towed 
from a circling aircraft using a continuous model of the cable. It was 
assumed that the cable is inextensible, and only small motion around 
the cable equilibrium position was considered. Several checks of the 
accuracy of the model were made. The error in measured verticality with a 
flight test (E-6A TACAMO) was approximately 8%, although the oscillation, 
frequency and phasing the drogue verticality correlated quite well. 
The tension forces in aerial-towed systems were studied by Narkis [47] at 
the end of the deployment phase, which exhibits a peak in tension due to 
the sudden deceleration of the cable at full extension. Narkis developed 
an approximate analytical expression for the upper bound on the peak 
deployment stress assuming motion in the horizontal plane. Matuk [48] 
studied the peak forces in an aerial-cable system when the aircraft performs 
a 180 degree turn. The maximum tension force was found to occur after the 
aircraft completes the turn due to the “whip” effect of the cable. Twelve 
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flight tests of the system were performed and the tension in the cable at 
the towing end was measured. The measured force was found to be 
consistently less than the theoretically predicted value. 
Crist [49] studied the dynamics of a cable towed from a circling aircraft 
using a lumped mass model of the cable. Results for cases where the 
aircraft undergoes severe vertical oscillations and where the aircraft 
transitions from circling to straight level flight were presented. Equilibrium 
of the cable was first determined by assuming an altitude and radius for 
the drogue, allowing all forces except tension to be calculated. This 
process continues sequentially at each discrete mass point until the position 
of the aircraft is recovered. Numerical results show that a slack cable at the 
drogue is possible for a vertically oscillating aircraft, and this significantly 
affects the motion of the system. It is also shown that the tension in the 
cable can be significant as the aircraft transitions from orbit to straight flight. 
The original idea of deploying a cable from a circling aircraft to achieve 
stationary or near-stationary motion of the end point is generally credited 
to Nate Saint. Nate Saint was a pilot in the mid-1950s with the Missionary 
Aviation Fellowship whose job involved delivering gifts, food and clothing to 
a tribe of Indians in Ecuador. Rather than dropping the items from the 
aircraft, a canvas bag with the items was lowered from the circling aircraft 
to a near stationary point on the ground, where the items were retrieved. 
[22] This type of towed aerial system provides a possible means for 
achieving a wide range of important applications, such as: 1) Airborne 
search and rescue operations, 2) precision airborne delivery of 
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supplies to remote locations, 3) water bombing of bushfires, and more. 
[50] An approach for designing the system given aircraft performance 
constraints is dealt with by Williams and Trivailo. [51]  This work focused 
primarily on the equilibrium and stability of optimal, practical 
configurations. Williams and Trivailo [52] considered manoeuvring from 
straight flight to circular flight and optimized the tow point trajectory to 
obtain quick convergence of the cable tip to the desired location. Williams 
and Trivailo [17] also considered the possibility of using an additional high- 
drag device roughly midway along the cable for enhancing the 
stationary motion of the cable tip. These studies all utilized a lumped 
mass model of the towed cable. 
In addition to circularly-towed systems, a variety of studies of aircraft 
towing bodies in straight trajectories have been presented in the literature. 
Huffman and Genin [53] used a continuum representation of an extensible 
cable to study the dynamics of a sphere towed from an aircraft at constant 
speed. The method of characteristics was used to solve the equations of 
motion and numerical results showed that the transverse motion of the 
cable was always damped for the range of speeds studied. Phillips 
[35] developed a theory that suggests that transverse waves 
propagated upwind along the cable are damped, but waves propagated 
downwind are only slightly damped if the wave speed exceeds the wind 
speed. Genin, Citron and Huffman [54] considered the coupling between 
the transverse motion and longitudinal modes of vibration of a towed cable 
and showed that the coupling was the result of several interacting effects 
related to the change in the average tension along the cable, 
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geometric nonlinearities, and centripetal acceleration effects. Equilibrium 
configurations for the case of a C-141 cargo aircraft towing a modified F-
106 fighter were determined by Norris and Andrisani. [55] Their approach 
was to determine the required tension from the connecting cable for 
equilibrium of the towed vehicle for a given elevator deflection. The 
continuous equations representing the cable were then integrated 
numerically to determine the cable shape. Reasonably good agreement 
between theory and flight tests was obtained. 
2.5. Literature Survey Conclusion 
The outcome of this literature survey was a preliminary understanding of 
the nature of the Circularly Towed Tether, and of the variable parameters 
which impact the tether and towed payload behaviour. It also showed that 
there is a lack in the amount of accessible data available for detailed study 
of these behaviours. 
The following table was developed, showing the variable parameters and 
noting the ability to investigate each parameter in a research program of 
phased increasing test platform complexity and capability. 
Test Parameters 
Test 
Platform 
Tow 
Circle 
Diameter 
Tow 
Circle 
Omega 
Tether 
Length 
Tether 
Drag 
Tether 
Mass 
Tether 
Elasticity 
Payload 
Mass 
Payload 
Drag 
Small 
Indoor 
(Note 1) 
Limited  Limited  Limited  Yes  Yes  Yes  Limited   
Outdoor 
RC Model 
(Note 2) 
Yes with 
lower 
limit 
Yes with 
upper 
limit 
Limited  Yes  Yes  Yes 
Yes with 
upper 
limit 
Yes with 
upper 
limit 
Outdoor 
Full Scale  Yes 
Yes with 
upper  Yes  Yes  Yes  Yes  Yes  Yes 
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(Note 2)  limit 
Table 2-1 Circularly Towed Tether System Parameters 
Note 1: The Small Indoor Test Platform is described in Chapter 3 
Note 2 The Outdoor Test Platforms are described in Chapter 4 
 
The  readily  modifiable  variables  in  this  table,  when  cost  is  included  as  a 
constraint are: 
1) Tow Circle Diameter 
2) Tow Circle Omega 
3) Tether Length 
4) Tether Drag 
5) Payload Mass 
6) Payload Drag 
In  terms of effect on Payload  circle diameter,  it was  assumed  that  the  towing 
circle parameters would have greatest  impact, as the forcing  function, followed 
by tether parameters and finally by payload parameters. 
Based on this it was determined that the focus of the experimental work would 
be  on  test  bed  development,  supporting  investigation  of  changes  in  the  tow 
circle parameters, tether parameters and payload parameters. 
This ultimately led to the framing of the research questions which are 
contained in the titled section at the beginning of this work. 
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3.  
 3..MODELLING 
Towed Cable systems have been studied for many 
years and many models and computer simulations have 
been developed. These have been used to predict the 
behaviour of different systems, including underwater, 
aerial and space applications. These have ranged from 
short lengths of yarn in fabric mills to space tethers 
hundreds of kilometres long. 
In this chapter modelling techniques are discussed and 
a comparison made between the lumped mass model 
and some of the available data, including data from the 
experimental series described by this thesis. 
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3.1. Introduction: Modelling of Towed Cable System 
While it is not the major emphasis of this thesis, it is helpful to establish 
some background of some of the modelling systems used in studies of this 
topic. The research team at RMIT has compared some of the limited 
experimental data available with the predictions of the lumped mass model 
for the steady state condition. This is specifically for the circularly towed 
cases as well as for the general study of cable dynamics. This chapter 
draws heavily on a published paper co-authored by the author of this 
thesis. [1]  
3.2. Cable Modelling 
The approaches to dynamical modelling of tethers can be separated 
into 2 distinct classes: (1) continuous models and (2) discrete models. 
There are modelling subsets within each class of model and the choice of 
which approach to take depends on a wide variety of factors: solution 
accuracy, computation time, development time and cost, method of 
formulation, and personal preference. These factors are given different 
weightings under different circumstances and so, in general, there is no 
one “best” modelling approach. This section will describe typical 
approaches as well as assess their advantages and disadvantages. 
3.2.1. Continuous Models 
The mathematical modelling of a tether, from a continuous point-of-
view, usually begins by considering a differential element of the tether in 
Page 3-43 
space. The equations of motion can be written, for the tether element, by 
applying Newton’s Second Law. The objective of such a model is to 
determine the motion of the entire tether, as a continuous structure and as a 
function of time, by applying appropriate boundary conditions. 
A typical example of a continuous cable model may be found in the work 
of Ablow and Schechter. [56] Continuous models are characterized by the 
need to solve a system of partial differential equations (PDEs). As 
shown by Ablow and Schecter, this is usually be done implicitly, using a 
finite difference scheme, where the tension and cable dynamics are solved 
simultaneously using a Newton algorithm. This has the drawback of 
considerable computational expense. In addition, the solution process fails 
when the tension in the cable is zero. Buckham and Nahon [57] showed 
that this inadequacy may be avoided if bending effects are included. This 
effect was also noted by Howell, [58] who studied the two-dimensional 
behaviour of cables in low tension environments. Howell showed that it was 
possible to solve the equations explicitly and solve for the unknown tension 
at each time step, rather than solving for tension and spatial coordinates 
simultaneously at each time step. The solution process using this method 
remains stable provided some degree of numerical viscosity is used. In 
addition to this, Howell formulated the problem implicitly with bending 
stiffness and showed that the solution remains stable at all values of tension 
and gives a more realistic dynamic response. Another approach is to expand 
the cable vibrations into a set of admissible displacements. [59] This has 
the disadvantage that, for general motions, a large number of admissible 
functions may need to be assumed. 
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Continuous models have the clear advantage that cable dynamics are 
theoretically more accurately represented because they consider each 
material point within the tether separately. However, difficulties arise 
during the solution process and it is generally quite difficult to make 
modifications to an existing model, without revisiting the model’s derivation. 
Other authors have used models, with similar characteristics to those 
mentioned above, for the solution of underwater cable problems (see for 
example Refs. [30, 44, 60-70]). Each model is unique in certain respects, 
depending on the problem being studied, and so it is not pertinent to list all 
features here. 
3.2.2. Discrete Approximations 
Discrete models, in contrast to continuous models, do not approach the 
problem by considering the tether to consist of the integral of differential 
elements. Rather, the problem is approximated in physical terms by 
breaking the structure down into a number of simpler rod elements of 
finite length. Each element can then be treated individually, by writing 
force and moment equations to represent its motion. Naturally, appropriate 
modifications are required to deal with each element’s boundary conditions 
(i.e., whether it is free, constrained, or connected to an adjacent element). 
One of the reasons why discrete models have become favourable to 
continuous models is because of the advances that have been made in 
the modelling of multibody systems. In the last few decades, much interest 
has been focused on general chain-type system Figure 3-1. Such 
structures have stimulated interest in modelling chain systems because 
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they are useful in modelling a wide variety of physical systems such as 
cables, manipulators, and robot arms. [71]  
 
 
Figure 3-1  Chain System Topology 
 
Discrete models are characterized by sets of ordinary differential 
equations and tend to be comparatively easy to solve. The ease of solving 
the equations of motion depends largely on the method of formulation, as 
well as the method of discretisation. In general, the cable can be 
discretised by two methods: (1) the finite segment method or (2) the lumped 
parameter method. 
3.2.3. Finite segment methods:  
In the finite segment approach, the cable is divided into a series of finite 
segments. Each segment may be either 1) straight and rigid, 2) straight 
and extensible, or 3) curved. [72] The rotational inertia of each segment is 
usually taken into account, and the distributed effects of external forces are 
applied at the ends of each segment (called nodes). The finite segment 
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method is very versatile, once the construction of segment and force 
models is complete. A number of numerical packages exist which are 
capable of solving the equations of motion of the complete system. 
However, developing an appropriate stand-alone package can be quite time 
consuming. In addition, coupling usually exists in segment accelerations at 
the nodes, which means that a complete mass matrix must be assembled 
and inverted. If the mass of the cable is constant in time, then the mass 
matrix only has to be inverted once. However, due to the effect of added 
hydrodynamic mass (for underwater cables), the mass matrix does not 
remain constant. Hence, matrix inversion must take place at each time 
step, resulting in significant increases in computation time. 
3.2.4. Lumped parameter methods: 
 In a similar manner to the finite segment method, the lumped parameter 
method divides the cable into a series of line segments. The mass and 
forces present on each segment are lumped at the end of the respective 
segment (or half is taken from two adjoining segments). Lumped 
parameter models are able to overcome the difficulties of inter-element 
coupling, inherent in finite element methods, because the inertia properties 
of each element are lumped to a single point. In addition, since each 
segment is usually assumed to be extensible, the constitutive relation for 
the material provides the longitudinal constraint force within each segment. 
The result is that the motion of each node may be determined uniquely at 
each time step. 
Page 3-47 
Due to the advances in computing and modelling in the past two decades, 
discrete cable representations have been more prolific than their 
continuous counterpart. However, the choice of model representation, 
even today, depends largely on the researchers’ experience and personal 
preference. Dreyer and Murray [73] compared various discrete cable 
representations for the case of an inextensible two-dimensional cable. 
Although it was shown that the rod and lumped mass model are both 
physically representative, no consideration is given to the effect of cable 
stiffness on the dynamics. Driscoll, Lueck and Nahon [74] developed a one-
dimensional lumped mass representation of a cable to study the vertical 
motion of a tethered caged ROV system. This is similar, in some respects, 
to the model developed by Baddour and Raman-Nair [75] who used 
Kane’s Equations. However, the study of the one-dimensional motion is 
not particularly relevant to predicting the overall motion of a complex 
interacting system. 
Banerjee and Do [76] developed a three-dimensional flexible rigid rod model 
of an underwater cable, using Kane’s equations. The model is capable of 
handling variable length cables and includes the effect of cable mass flow 
by the addition of a thrust-type force on the cable element nearest the 
payout point. The dynamics of the underwater vehicle is provided 
separately in the model. However, the cable tension nonlinearly affects the 
vehicle’s speed, giving rise to constraint-control coupling. The solution to 
this problem is dealt with using the method of constraint stabilization. 
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Babb [77] discussed comparisons between the predicted large-scale 
dynamic response of underwater cables, by computer simulation, and 
those obtained from experimental observation. The state-of-the-art at the 
time the paper was written involved comparing results using very short 
cables in a laboratory setting. The aim of the research was to strengthen 
the validation techniques used in a larger scale environment. Two 
computer simulation models were used for validation purposes: SEADYN 
and UCINCABLE. SEADYN is a finite element cable model developed by 
the US Naval Civil Engineering Laboratory. UCINCABLE is a rigid body 
dynamics code based on Lagrange’s equations developed by the 
University of Cincinnati. The results indicate that SEADYN is the best for 
accurate prediction of the cable, while UCINCABLE is quicker and tended 
to provide more accurate tension information. 
Buckham, Nahon and Seto [57, 78] have developed a three-dimensional 
model for the simulation of an underwater cable connected vehicle, based 
on a lumped mass approach. To adequately handle some of the external 
forces on the cable, such as a fluid drag, a local coordinate system is 
established for each individual element (normal-tangential coordinate 
system). The model also incorporates the dynamics and control of the 
attached vehicle. The simulator is used to study U-turn manoeuvres at 10 
knots. Good agreement (trend wise) was found with test results. 
Buckham and Nahon [57] extended the earlier work in Ref. 78 to the case 
of low tension problems. The authors argue that, despite the ability of the 
explicit lumped mass modelling approach to handle low or zero tension 
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without singularities, it is necessary to include the effect of bending in the 
model at low tensions. To do this, the rotational inertia of the cable is 
neglected and the internal bending moment is related directly to the cable 
curvature. The estimated bending moment is then discretised into a force-
couple, by means of the Galerkin method of weighted residuals. The use of 
static validation indicates agreement with analytical solutions to within 4%. 
An extension of this work was reported in Refs. [14] and [79], where 
dynamic experiments with a short cable were conducted in the laboratory. 
This work has also produced extensions of the method for including 
torsional mechanics into the simulation of underwater tethers. [80, 81] It 
was shown that such effects can be significant, but depend on factors such 
as the boundary conditions of the cable and torsional rigidity of the 
cable. Additional experimental results, demonstrating the validity of the 
lumped mass modelling approach, were presented by Lambert et. al. [82] 
dealing with a multi- tethered aerostat system. 
Kamman and Huston [83] presented an algorithm for variable length 
underwater cable systems. These authors model the cable as a series of 
lumped masses connected with rigid links. It was noted that, with 
submerged cables, the viscous forces are often much larger than the 
weight and inertia forces on the cable. It was concluded that distributed 
mass rod systems can be replaced with lumped parameter models without 
loss of accuracy. 
Deployment control of an aerial-cable munitions system was considered by 
Frost and Costello [84] using a lumped mass model of the cable. The 
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cable deployment is governed as a function of reel resistance forces, 
which are defined either as functions of the amount of cable deployed or 
the deployment rate. Parameters in the resistance forces are optimized to 
reduce loads in the cable, the acceleration of the follower projectile and the 
time taken for the system to reach a steady state. 
Kim and Vadali [85] compared two approaches to modelling a variable 
length, flexible tether during retrieval. The first is based on Galerkin’s 
method, by expanding the equations of motion into a set of admissible 
coordinates. The second is based on a simple bead or lumped mass 
model. The essential difference between the two models is that Galerkin’s 
method is used to mathematically discretise the equations, while lumped 
masses are used to physically discretise the system. An order-N bead 
model is presented, consistent with the assumptions used in the continuous 
model, so a direct comparison can be performed. It was noted that past 
studies [59] have shown that geometric nonlinearity needs to be 
explicitly included when the tether is modelled as a continuum, but that 
this effect is inherent in the bead-type models. A comparison of the two 
modelling approaches was presented, and it was shown that the Galerkin 
method, without geometric nonlinearity, does not give an accurate 
representation of the vibrations. The bead model, however, is shown to 
perform quite well for the range of situations studied. The results from the 
continuous model, with 3 modes in the in- and out-of-plane directions, 
shows almost identical results to the bead model with 80 beads. The 
nonlinear Galerkin model, however, appears to have numerical difficulty 
during retrieval, when more than a few modes are included. It was 
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concluded that the bead model produces the most realistic response 
for the system with comparatively little labor needed for the derivation. 
Crist and Eisley [86] developed two models for a spinning cable-connected 
satellite. One is a continuous model and the other is based on a lumped 
mass approximation. The lumped mass model is shown to possess 
several advantages over the more rigorous continuous model, such as 
ease of integrating the exact set of non-linear ordinary differential 
equations. Numerical simulations suggest that internal viscous damping 
does not significantly affect the transverse vibrations of the cable. It is also 
shown that very few masses are required to accurately predict the lowest 
natural frequency of the cable. 
A range of additional discrete models, similar to those described 
above, may be found in Pedrazzi. [87] and [88], including comparisons of 
various approaches. [89, 90] 
3.2.5. Comparison of methods 
Several comparative surveys of the aforementioned modelling approaches 
have been published over the years. However, no concrete conclusions 
have been reached as to which method is the “best”. Solution accuracy 
depends on the force models employed, as well as the degree of 
discretisation. In addition, solution time depends on the degree of 
discretisation, method of formulation, inter-element coupling, and 
numerical integration technique. For these reasons, no definite 
conclusions have been reached. Nevertheless, the lumped parameter 
method can be seen to have some clear computational advantages over the 
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continuous method. In particular, continuous models must be solved 
implicitly at each time step. [84] In contrast, lumped parameter methods 
may be solved explicitly at each time step, since all internal and external 
forces can be determined from the knowledge of the position and 
velocities of the lumped masses from the previous time step. 
Furthermore, the lumped parameter method is relatively easy to formulate 
and provides a simple means for modification of force data and is well-
equipped to deal with various motion constraints. 
A wide variety of cable models exist in the literature, ranging from one-
dimensional vertical models [85] through to three-dimensional continuous 
[86] and discrete representations. The vast majority of models differ in 
different aspects, and it is difficult to say which is more accurate than 
another when there is a lack of experimental validation. Because the 
scenario of interest is the circularly-towed cable case, it is focused on in 
this paper. Such a scenario presents interesting phenomena in the 
modelling process. Unlike the steady towing case, the cable takes on quite 
a large curvature, which makes factors such as torsion and bending 
potentially important. Therefore, it is desirable to understand whether or 
not a model that neglects these forces can reproduce experimental results 
to any degree of accuracy. 
3.3. A Lumped Mass Model for a Circularly-Towed Cable 
System 
Mathematical modelling of towed cable systems has been well 
documented in the published literature, for underwater, on water, aerial 
and space applications. [86, 91] The general practice is to describe the 
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cable dynamics in a rotating coordinate system, referenced to the 
aircraft, (x,y,z) whose motion is assumed to be prescribed by the polar 
coordinates (r,θ), as shown in Figure 3-2. Sequential numbering of the 
lumped masses is applied commencing at the drogue, with element 1, 
and counting to the last or nth mass at the attachment to the towing 
aircraft. The masses are considered to be connected by springs that 
which model both the cable elasticity, and damping forces within the 
cable. 
 
 
Figure 3-2  Lumped Mass representation of the Cable Dynamics 
Williams and Trivailo [51, 52] show the derivation of the equations of 
motion for this particular case, writing them as: 
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Equation (7) sums the significant forces on the cable. These are 
respectively, the forces of tension (s), internal damping (d), gravity (g), 
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aero(hydro)dynamic (a), and buoyancy (b) forces. The following sections 
describe these forces in turn. 
3.4. Force Models 
 
3.4.1. Elastic Tension Forces 
Based on an assumption of behaviour according to Hooke’s law, it is 
possible to calculate the tension in each spring element. In addition the 
model must allow for loss of tension but not compression, since this 
cannot occur for an ideal flexible cable. The model can be refined to allow 
for some stiffness in a non-ideal cable. 
 
Where Lsj is the unstrained length of the j th cable element, and EA is the 
cable stiffness. Separating into component form, the tension forces may 
be written as 
(recognising that T0 = 0) 
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3.4.2. Damping Forces 
Because there is some dissipation of energy in the cable, a viscous 
damping term is introduced into the equations of motion. The damping 
force is assumed to be proportional to the time derivative of elongation. 
Again, negative damping does not occur, since this would imply energy 
being input into the system by the cables. The magnitude of the damping 
force in the j th segment is governed by 
where C is the damping constant for the cable material. The damping 
forces may be written in component form as 
Where D0 = 0 applies 
3.4.3. Gravity Forces 
The small variation of gravity with altitude is neglected in this model, for 
the aerial case, so that 
where g is the gravitational acceleration at sea level (9.81 m/s2). 
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3.4.4. Hydrodynamic Drag Models 
There are three main methods of modelling the cable drag forces. The three 
are similar in that they all treat the forces on the cable as though they are 
generated by a cylinder. The simplest representation, known as Morison’s 
equation [89] is the simplest, breaking the drag into two components of 
normal and tangential drag. This technique is called the cross-flow principle 
[90] and is discussed by Hoerner.[92] 
The drag force is given by 
Where Cn and Ct are coefficients varying with the relative flow rate and 
hence Reynolds number, ρ is the fluid density, d is the cylinder diameter, l 
is the cylinder length, and vt and vn are the normal and tangential 
velocities of the cylinder respectively as shown in Figure 3-3 
 
 
 
Figure 3-3  Drag Forces on a Cylinder 
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The dependence of coefficients Cn and Ct on Reynolds number is 
established. Experimental values for Cn and Ct for ranges of Reynolds 
number values are cited Kamman et. al. [83] as 
In Equations (14) and (15) the Reynolds numbers are given by 
where µ is the fluid viscosity. 
The Nordell-Meggit equation, used by Kamman et. al. [83] is a second 
modelling method. This model allows for cross-coupling between the 
normal and tangential directions as shown in the equation 
where, Α and Β are dimensionless coefficients. This approach can be 
seen to have the resultant difference for the tangential expression 
which can be seen by comparison with Eq. (13). 
It is also possible to represent the drag as a function of the angle of attack, 
η. This approach was developed by Driscoll and Nahon [93] giving a 
representation of drag as a function of angle of attack, represented by 
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where, C d is the cable drag coefficient, fn is the normal loading function 
and ft the tangential loading function. 
Figure 3-4 shows the plots of these loading functions. They clearly show 
that these loading functions correctly predict the cable having no 
tangential loading, when the cable is normal to the flow. 
 
Figure 3-4  Normal and Tangential loading functions given by Eqns. (19) and (20) 
Hoerner [92] originally represented the drag data as lift and drag 
coefficients. The lift and drag coefficients are related to the normal and 
tangential system by  
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Typical lift and drag coefficients are given by 
and skin-friction and cross-flow drag coefficients are [92, 94] 
for an aerial system, in which Mp and Mn are the parallel and normal Mach 
numbers relative to the cylinder. 
The angle of attack of the j th segment may be calculated from  
where 
The unit vectors for the directions of the lift and drag vectors are 
Which can be given in component form as  
Page 3-61 
where 
This leads to the lift and drag vectors being given by 
 
and thus the total aerodynamic force on the j th mass is  
 
Another method is to take a body frame ( b1, b2, b3 ) aligned along the j th 
element using a space-three, 1-2-3 rotation sequence. The body frame is 
defined as the b3   axis, which is aligned along the direction of ej , while b1 
and b2 are perpendicular to each other and to the j th segment. The 
resultant vector e3 is defined by 
The direction cosine matrix relating the inertial frame to the body frame 
arises if the torsional degree-of-freedom is ignored. Thus 
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Which leads to an expression for the unit vector parallel to the cable 
segment, as the group of component equations 
The fluid velocity relative to the cable in the tether body frame is given by 
and 
yields the drag force computed in the inertial frame. 
                                     
The final model, developed by Stuart, Clifton and Schmidt [95] studied the 
effects of having a wire with right helix grooves i.e. a wound wire rope. An 
additional side force arises for this configuration. Stuart et al found that 
their test data correlated well with Hoerner,[92] but also gave a side force 
coefficient of the form  
Page 3-63 
3.4.5. Buoyancy Forces’ 
The buoyancy force on the j th segment is due to the hydrodynamic 
pressure forces acting on the cable. The buoyancy forces act normal to 
the cable segment and can be expressed by  
 
where α represents a saturated (α=0) or non-saturated condition (α=1). In 
the non-saturated condition, the buoyancy force acts normal to each cable 
segment, whereas in the saturated condition the buoyancy force acts only 
vertically 
3.4.6. Added Mass Forces 
The inertial forces for a cable element depend on the effects of the 
surrounding fluid, due to the fact that the fluid becomes entrained with the 
cable during acceleration. It is assumed that added mass effects occur 
only in directions normal to the cable. These effects are incorporated into 
the system mass matrix. Note that here the result is simplified by defining 
the elemental mass matrix by 
where     m*j = cm ρ Aj Lsj      is the added force in the normal cable 
directions, and cm is the hydrodynamic coefficient. 
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3.4.7.  Neglected Forces: Bending and Torsional 
Effects 
For simplicity, the models presented assume a flexible cable and ignore 
the effects of bending forces and torsional stiffness. This arises from the 
approximation of the cable as a series of point masses capable of 
translation only. However, more complicated effects may be accounted for 
by assuming that the cable shape can be approximated as a function of the 
positions of the cable elements using a curve fitting routine. This allows an 
estimate of the bending forces to be applied to the cable. 
 
3.5. Equilibrium Configurations 
Skop and Choo [6], Russell and Anderson [9], and Clifton et al.[7] studied 
the equilibrium configurations and corresponding stability for the cable 
towed in a circular path. The equations of motion for the lumped mass 
model of the cable are used to determine the relative equilibrium of the 
cable. Robust nonlinear programming software such as SNOPT [96] can be 
used to solve the nonlinear equations arising from a particular specified 
motion for the tow point. There are difficulties with this method. Good 
guesses are needed for the positions of the masses. Convergence to a 
solution of zero relative cable velocity and acceleration can be slow. 
Another method uses the fact that the system is differentially flat under 
some mild assumptions. For example, the assumption that the 
aerodynamic forces are lumped to each mass only from an adjacent 
segment leads to a differentially flat model.  
Page 3-65 
The end body mass is the output point for the system. Under steady-state 
conditions, specify the location of the end body in the rotating coordinate 
system can be expressed in terms of its (x, y, z ) -coordinates. The position 
of the end body is uniquely related to the forces acting on it, including the 
components of the tension force, 
The tension determines the elongated segment length from Hooke’s law, 
and the position of the adjacent mass may be determined by 
In general, the tension in the j th segment may be found from the 
equations 
This procedure allows the position of the tow point to be obtained, for a 
prescribed orbit radius of the drogue. The accuracy of the solution 
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increases as the number of segments representing the cable increases. 
The validity of the solution is checked by converting the Cartesian 
coordinates of the masses into the generalized coordinates (Λ , α , β) and 
substituting the results into the dynamical equations for a prescribed tow 
point motion. If the resulting accelerations are small, i.e., of the order 10-9, 
then the solution is deemed to be accurate. Note that to convert the 
solution to the lumped mass model requires that the tow point lie on the x -
axis at radius r . It is a simple matter to apply a coordinate transformation to 
the equilibrium solution in the (x,y,z)-plane. 
 
3.6.  Numerical Results 
 
3.6.1. Experimental Data 
The experimental data used for the comparison is from a controlled test 
using a water tank. Thus, because water is the test medium it is 
necessary to include factors such as buoyancy and added mass into 
the model. These features are often neglected for systems in air. It is 
believed that these additional features will help to improve the model for 
the general case, since it is relatively simple to alter the medium density 
and viscosity in the simulations. Thus, the model is applicable to either air 
or water environments. Experimental data was obtained by Noonan [97] , 
using the Hydroballistic Tank at the U.S. Naval Ordnance Laboratory in 
Silver Spring, Maryland. A rotating arm was used to provide steady circular 
towing. A combination of pulleys and variable speed motor allowed 
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rotational speeds of between 0.35 and 10 revolutions per minute. The 
maximum towing radius was limited to approximately 12.5 ft. Choo and 
Casarells [90] provide details of the experimental setup. 
Several sets of data are used for comparison and validation of the cable 
model. Data was obtained that utilizes a 0.258 inch nylon tether, a 0.25 
inch steel tether, and a 3/16 inch stainless steel tether towed roughly in a 
12.5 circle. Three end conditions on the cable were used: free, light 
sphere, and heavy sphere. The physical properties of the cables were 
determined to be: Nylon: density 767.7 kg/m3, L = 10.36 m, d = 0.00655 m; 
0.25 inch steel: density 5037.4 kg/m3, L = 10.36 m, d = 0.00635 m; 3/16 
inch steel: density 5029.0 kg/m3, L = variable, d = 0.00476 m. The sphere 
properties were m = 0.6747 kg, d = 0.127 m for the heavy sphere and m = 
0.2149 kg, d = 0.1016 m for the light sphere. 
3.6.2. Optimization Procedure 
The largest uncertainty in the model is the cable drag coefficient. The 
actual value depends on the local Reynolds numbers, surface texture of 
the cable, and so on. Another factor, which is important, is the 
consideration of vortex shedding [93]. This is generally not included in 
these types of cable models because of the added complexity that it 
generates. Vortex shedding causes the cable to oscillate perpendicular to 
the flow direction. If the natural frequency of cable is close to the vortex 
shedding frequency then resonance can occur with large cable 
oscillations. This is even more pronounced when the density of the cable is 
close to the density of the fluid. The experimental data obtained and used 
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in this paper was indeed subject to vortex shedding phenomena. The 
steel cable was observed to vibrate at a much lower amplitude than the 
nylon cable. The spheres themselves did not vibrate at all, and therefore 
the observed vibrations may be attributed solely to vortex shedding. 
Grosenbaugh et al.[43] suggested accounting for this phenomena by 
adjusting the mean cable drag coefficient. This method is adopted here 
using an optimization procedure to fit the cable drag coefficient to the 
experimental data. 
The cable drag coefficient is adjusted inside of an optimization loop that 
determines the cable equilibrium shape. Because the towing radius is 
fixed in the experimental results, (although it does vary slightly between 
tests), it is necessary to iterate on the cable tip position. Thus, for a 
particular cable drag coefficient, the inverse procedure is solved using a 
shooting method for each set of experimental data. The results are 
then compared against the measured data and a least squares cost 
function is constructed as follows 
 
Where rd is the cable tip tow radius, Φ is the phase angle between the 
towing point and the cable tip, and the superscript exp refers to the 
experimental measurements. The cable drag coefficient (and in some 
cases the side-force coefficient) is optimized to minimize Eq. (49) using 
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the software SNOPT. [96] In the results, the tether is discretised into 60 
elements for the analysis. 
3.6.3. Result Comparisons 
Figure 3-5 shows the results of the ratio of the towed body radius to tow 
point radius of the optimized system, with a nylon tether and a heavy 
sphere attachment. A ratio of less than 1 implies that the towed body tows 
inside of the towing body, which is the desired effect. The optimal tether 
drag coefficient was calculated to be approximately 2.33.  Figure 3-5 
illustrates, in general, that the model predicts the behaviour of the system 
very well over the range of speeds tested. Figure 3-6 shows the 
corresponding lag angle of the towed body. This further demonstrates 
the accuracy of the model for predicting the position of the towed body. It 
can be seen that the model predicts both the shape of the trend in the 
results, as well as the magnitudes of the parameters. 
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Figure 3-5  Comparison of Experimental results for Towed Body Radius with Lumped Mass 
Model for Heavy Sphere and Nylon Tether 
 
 
Figure 3-6  Comparison of Experimental results for Towed Body Lag Angle with Lumped 
Mass Model for Heavy Sphere and Nylon Tether 
 
Figure 3-7 and Figure 3-8 show results from the comparison of the model 
with experimental data for the case of a light sphere attachment. Figure 
3-7 shows that, in general, the correspondence is not as good in this 
particular case. The drag coefficient was determined as approximately 3.5, 
which is significantly higher than in the previous case. In fact, it is likely that 
the differences in results are due to the effects of vortex shedding, which 
alter the position of the end mass for very light attachments. Nevertheless, 
the data does correspond quite well over a range of frequencies. Figure 3-8 
shows similar behaviour in the lag angle of the end mass, but illustrates 
somewhat closer behaviour than the tip radius. Another problem is that 
such systems can exhibit multivalued solutions (many of which are 
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unstable). Hence, it is possible for some experimental measurements to be 
contaminated with components of these solutions if enough time is not 
allowed for these to settle to the true stable solution. In fact, some of 
these solutions were observed in the mathematical model for the case of 
no end mass attachment. 
. 
 
Figure 3-7   Comparison of Experimental results for Towed Body Radius with Lumped Mass 
Model for Light Sphere and Nylon Tether 
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Figure 3-8   Comparison of Experimental results for Towed Body Lag Angle with Lumped 
Mass Model for Light Sphere and Nylon Tether 
 
Figure 3-9 and Figure 3-10 show results from the comparison of the model 
for the case of a nylon tether with no end mass attachment. In this case, 
the behaviour of the system is unexpected in that an increase in the angular 
velocity leads to an increase in the cable tip radius. This is due to 
multivalued solutions being present in the solution, as well as line 
oscillations due to vortex shedding. In order to obtain results with close 
agreement for the towed body radius, it was found that the drag coefficient 
must drop considerably for high Reynolds numbers. In the low Reynolds 
number regime (1< Re < 400), the drag coefficient was approximately 3.95 
on average, whereas it drops too approximately 0.05 for Re > 1000. 
However, despite there being closer agreement in the towed body 
radius, these effects cause significant discrepancies in the lag angle, 
shown in Figure 3-10. It is evident that the case of a free cable tip produces 
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additional phenomena that cannot be adequately captured using a steady-
state cable drag model. 
 
Figure 3-9   Comparison of Experimental results for Towed Body Radius with Lumped Mass 
Model for No End body mass and Nylon Tether 
 
Figure 3-10   Comparison of Experimental results for Towed Body Lag Angle with Lumped 
Mass Model for No End Body Mass and Nylon Tether 
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Figure 3-11 and Figure 3-12 show a comparison of results for the 0.25 
inch steel cable with a heavy mass attachment. In this particular case, 
because the steel cables are stranded, side forces were included in the 
model as described earlier. The side force coefficient was included as an 
additional optimization parameter. The results in Figure 3-11 show 
excellent correspondence with the experimental data. The results correlate 
much better than the nylon results, most likely because the steel results 
were observed to contain less cable strumming. The cable drag 
coefficient was determined to be approximately 1.20, and the side 
force[7] coefficient was approximately 0.07. These orders of magnitude 
are in good agreement with historical data for cables, which are often 
quoted for steel. Therefore, it is likely that nylon has a higher drag 
coefficient due to its surface texture, which also tends to induce larger 
strumming effects. Figure 3-11 also shows that the effects of the side force 
could be neglected for this length of cable because there is not a significant 
shift in the results. It could play a larger role for much longer cables, as 
illustrated by Stuart et al. [7] Figure 3-12 compares the lag angle of the 
cable tip, further illustrating the good agreement between the model and 
the data. 
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Figure 3-11   Comparison of Experimental results for Towed Body Radius with Lumped Mass 
Model for Heavy End Mass and 6.5 mm Diam. Steel Tether 
 
Figure 3-12 Comparison of Experimental results for Towed Body Lag Angle with Lumped 
Mass Model for Heavy End Mass and 6.5mm Diam. Steel Cable 
 
Figure 3-13 and Figure 3-14 show the results for the case of the 0.25 inch 
steel cable with a light mass attachment. In this case, excellent agreement 
is maintained between the model predictions and the experimental 
Page 3-76 
measurements. The optimum drag coefficient was determined to be 1.18, 
which is in good agreement with the results for the case of a heavy sphere 
attachment. When the side force coefficient is included in the model, the 
results are slightly improved. The optimal side force coefficient was 
determined to be 0.105, which is slightly larger than in the previous case. 
The model predictions all move slightly closer towards the experimental 
results in the presence of a side force. It is likely that the reduced cable tip 
mass creates a larger sensitivity of the cable side force. 
 
 
Figure 3-13   Comparison of Experimental results for Towed Body Radius with Lumped Mass 
Model for Light End Mass and 6.5mm Diam. Steel Tether 
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Figure 3-14   Comparison of Experimental results for Towed Body Lag Angle with Lumped 
Mass Model for Light End Mass and 6.5 mm Diam. Steel Tether 
 
Figure 3-15 and Figure 3-16 show the results for the case of the 0.25 inch 
steel cable with a free end. In this case, the results are a little more 
sensitive than without an end mass. It was found that it was necessary to 
segment the drag coefficient into low and high Reynolds numbers (as an 
approximation) to obtain better agreement with the results. The optimal 
drag coefficients were 2.29 for Re < 2340, and 0.65 for Re > 2340. 
Figure 3-15 illustrates that the agreement between the model and the 
experimental results is good for low angular rotation rates, but is not as 
good for higher rotation rates. This is consistent with the results of the 
nylon tether without an end mass. Figure 3-16, however, illustrates very 
good agreement in the predicted lag angle of the cable tip. Thus, the 
model is able to predict the behaviour of a steel (heavier) cable quite well, 
but has difficulty with lighter cables. 
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Figure 3-15   Comparison of Experimental results for Towed Body Radius with Lumped Mass 
Model for light End Mass and 6.5mm Diam. Steel Tether 
 
 
Figure 3-16   Comparison of Experimental results for Towed Body Lag Angle for Free and 6.5 
mm Diam. Steel Tether 
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Figure 3-17 and Figure 3-18 show the final set of results obtained for the 
case of a 3/16 inch steel cable with a heavy end mass attachment. These 
results contain different length cables (50 ft, 40 ft, 30 ft, 20 ft and 10 ft). 
Figure 3-17 shows the towed body radius is again in excellent agreement for 
the optimal cable drag coefficient of 1.22. The results are further supported 
by Figure 3-18, which shows the lag angle of the cable tip. Thus, there 
is some considerable confidence in the predicted behaviour of the system, 
and the cable drag coefficient for the steel cable. 
 
 
 
 
Figure 3-17   Comparison of Experimental results for Towed Body Radius with Lumped Mass 
Model for Heavy End Mass and 6.5 mm Diam. Steel Tether 
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Figure 3-18   Comparison of Experimental results for Towed Body Lag Angle for Lumped 
Mass Model for Heavy End Body Mass and 5mm Diam. Steel Tether 
 
3.6.4.  Model Results for Simulations in Air 
As a final comparison of the circularly-towed response, additional 
measurements were taken with a 3 m long cable attached to a ceiling fan 
spinning at 72 rpm. The radius of the fan is 0.645 m, the cable diameter is 
0.7 mm, the density is 1195.3 kg/m3, and the projected characteristic 
length of the end body is approximately 12 mm. The Young’s modulus of 
the cable was determined experimentally as approximately 1 GPa. 
Measurements of the cable response were obtained, using a video 
camera, by projecting the end body motion onto a plane. The results were 
corrected for parallax and averaged over several revolutions. Figure 3-19 
shows a comparison of the results from measurements with predictions 
from the lumped mass model. The tether drag coefficient was computed to 
be 1.72 for the conditions considered. Note that the effect of the fan on the 
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relative wind is not factored into the lumped mass model, due to difficulties 
in measuring the induced flow. Various end mass values were used rather 
than values of the tow point angular velocity. Some of the solutions 
exhibited dynamic instability. However, the measured values can be seen 
to match the lumped mass model extremely well for the range of cases 
where reasonably stable motion was achieved. One of the problems 
associated with increasing the tip mass is shown in Figure 3-19   
Comparison of Predicted and Measured Response of Circularly-Towed 
Cable for end masses of approximately 11 grams. Up to this point, 
increasing the tip mass tends to reduce the tip orbital radius. However, the 
system exhibits a jump to a tip radius which is well outside the fan radius. 
The system was observed to be dynamically unstable close to this 
region. Figure 3-20 shows a photograph of the cable shape taken at a 
particular instant and highlighted for clarity (slightly wavy hand drawn line). 
Superimposed on the photograph are the results from the lumped mass 
model (smooth computer generated line). Note that the camera angle is 
not reproduced exactly for the projection of the lumped mass model 
results. However, it is evident that the lumped mass model does a good job 
of predicting both the tip radius of the system and the overall tether shape. 
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Figure 3-19   Comparison of Predicted and Measured Response of Circularly-Towed Cable 
In air Vs Cable End Body Mass 
 
 
Figure 3-20  Qualitative Comparison of Tether Shape when Driven in Circular Motion 
Yellow Actual vs. Green Predicted 
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3.6.5. Dynamic Cable Validation 
As a final example of the applicability of the model, results will be 
compared for a dynamic case involving a swinging cable. Data for 
comparison has been taken from the work of Zhu [12] and Zhu and 
Meguid. [98] This presents the experimental results using a 1.668 m long, 
6.35 mm steel cable. Initially, the cable is simply supported at both ends 
so that the cable is in the shape of a catenary. The cable is released at 
one end and allowed to swing freely. The cable shape was recorded using 
a high speed digital camera. The cable density is 7800 kg/m3, and the 
Young’s modulus is 53 GPa. It should be noted that the precise initial 
configuration of the system is not given in Refs. 12 and 98. Therefore, the 
simulated arrangement presented here does not match precisely the 
simulated or experimental results of Refs. 12 and 98. There are also 
uncertainties in several of the cable properties, such as bending stiffness 
(EI = 0.2862 Nm2), aerodynamic drag coefficient (CD = 1.2), etc. Figure 21 
shows results taken from Refs. 12 and 98 together with simulation results 
using the lumped mass model. Note that, because of the thickness of the 
cable and its relatively short length, it is necessary to include bending 
stiffness into the model to obtain qualitatively similar results. In fact Figure 
3-21 shows that the model without bending stiffness does not produce 
similar behaviour of the cable when it approaches a state of low tension, 
i.e., at the top of the first swing. Without bending stiffness, it can be seen 
that the cable bends in completely the opposite direction. These results 
also serve to validate the bending stiffness modelling approach based on 
calculations of the tether curvature using cubic splines.[14] The results in 
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Figure 3-21 demonstrate very good agreement with the experimental 
results, despite such obvious differences in the length of the cable and the 
difference in vertical and horizontal position of the cable free end at the 
initial time. 
 
 
Figure 3-21  Comparison of Experimental Results (top) for a Swinging Cable with lumped 
mass model (bottom) [---- with bending stiffness, …. Without bending stiffness 
 
3.7.  Conclusions 
The steady-state dynamics of a circularly-towed cable system has been 
studied. For long cables, the cable tip takes up a position close to the 
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centre of the circle and appears nearly stationary in an inertial frame. Such 
systems could be capable of picking up and delivering payloads by an 
aircraft without landing. Equilibrium configurations were determined using 
a lumped parameter discretisation of the cable combined with an inverse 
approach. The performance of the modelled system was compared with 
experimental data for two towing cables (nylon and steel) and three 
different towed body configurations (no towed body, light sphere, and 
heavy sphere). It was found that the model works very well in predicting the 
performance of the system for the case of the steel cable, whereas for the 
nylon tether the predictions deteriorate as the attached mass decreases in 
weight. This has been linked to the effects of cable strumming, which alters 
the predicted performance of the system from the steady-state models. The 
steel cable also suffered from strumming, but the amplitudes of vibration 
were much less in comparison to the nylon tether. The results suggest that 
the nylon tether has a high drag coefficient, but that the steel drag 
coefficient matched historical data very accurately (1.20 ± 0.02), as 
determined by an optimization algorithm. The effect of a cable side force, 
due to stranding in the steel cables, was found to produce only minor 
differences in the results. However, this is most likely due to the short 
lengths of cable used for the experiments, and its effects may need to be 
incorporated into the simulation models for steel cables several kilometres in 
length. Additional comparisons of the cable shape from steady-state and 
dynamic measurements show very good agreement with predictions. 
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4.  
 4..SMALL SCALE EXPERIMENTS 
Stage 1 of this experimental program consisted of a 
simple test model. This small scale experiment was 
designed by the author to enable rapid observation of 
the changes in tether behaviour as variations were 
made in the configuration. Initially, this experiment 
served to generally confirm the tether behaviour 
predicted and analysed in published literature. 
In a published paper [1] the author specifically 
compared the results of this experiment with predicted 
results for a system at the same scale and found good 
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correlation between the model and the radius of the end 
body circle for different masses.  
Some unpredicted behaviours were observed and 
investigated further. 
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Introduction 
A first step in this experimental program was to conduct a very simple 
initial experimental series. The purpose of this series was to quickly, and 
at low cost, evaluate the effects of changes in key parameters identified in 
Table 2-1 Circularly Towed Tether System Parameters. These parameters 
are tether length, tow point circle radius, tether material, end body mass 
and system rotational speed. 
The experiment used readily available resources. A length of string was 
attached to the tip of a motor driven rotating arm, with a small end mass of 
modelling clay (plasticine) attached to the free end of the string. A light 
coloured string was selected to provide high visual contrast, allowing a 
photographic record of the string behaviour.  
Multiple photographs and videos were used to record the behaviour of the 
towed string and allow measurement of the end body position. Due to the 
quality of reproduced photos, it has been necessary to develop drawings 
from significant photos to include in this thesis.  
The testing was expanded beyond that originally planned to evaluate two 
interesting results not previously predicted in published literature. These 
results are discussed further in this chapter. One had direct impact on the 
concept of towed payload pick-up and delivery. This was evaluated further 
in the subsequent test series, using a radio controlled model aircraft. 
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4.1. Experimental Method 
 The experimental setup consisted of a 500 cm long rotating arm, 
providing a maximum towing circle of 1 meter (d1 in Figure 4-1) at a height 
of three meters from the floor (H in Figure 4-1). A three meter long tether 
was attached to the tip of the arm. Initially a small range of masses were 
attached to the free end of the tether and the behaviour of the masses was 
studied. The masses were small pieces of modelling clay (plasticine). This 
study was conducted over a range of rotational speeds and masses. 
Under these conditions, and assuming ISA, the Reynolds number for the 
tether was in the range of 130 to 460. Figure 4-1 illustrates the expected 
tether behaviour (from predictive models). 
 
Figure 4-1 Towed Cable Model 
Page 4-90 
An early attempt using fishing line to investigate a low drag tether was 
discarded, since the line was close to invisible and could not be 
photographed. It did, however, yield a useful result described below.  
It was seen as soon as this experiment series began, that the behaviour of 
the towed tether was as expected, from published literature studied during 
the literature review. The tether took up a helical shape, below the towing 
circle. Later experiments modified the shape with changes to length, tow 
speed and end body mass. However, it was evident immediately that this 
very simple test set-up would allow observations to be made of tether 
behaviour. 
 
Figure 4-2  Actual Tether Behaviour 
Different string lengths, rotational speeds, different string materials and 
different end body masses were tested. Tow circle diameter was fixed. 
Page 4-91 
The drive motor used had three fixed speeds. The measured values for 
the experiment are listed in Table 4-1 
 
 
Table 4-1 Fan Test Experimental Values 
Figure 4-3 
The motor mount was semi- rigid and the towing arm well balanced. The 
mass of the string and end weight was small compared to the mass of the 
rotating towing arm to which it was attached. There was no visible nor 
measurable effect on the rotating arm path due to the attached string. 
At the request of others in the project team, Young’s Modulus of the string 
was determined experimentally since this is a component in the simulation 
equations. It was found to be 1 GPa. 
Tow circle diameter: 1 m 
Tow point height above floor: 3 m 
Slow rotation speed: 40 RPM/4.19 rad/sec 
Mid rotation speed: 75 RPM/7.85 rad/sec 
High rotation speed: 140 RPM/14.66 rad/sec 
String length: 3 m – 10 m 
String diameter: .7 mm – 2 mm 
String materials: nylon, polyester-cotton  
End  body mass: 1 gm – 20 gm 
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A video camera was used to record the motion of the end body. The radius 
of the circle followed by the end body was then measured from the video 
record. Results were averaged from 10 measurements at each end body 
mass. Appendix A tabulates these results. 
Since the desired end result of the full scale research is to produce a 
stable, stationary end body, the experiment was extended to also explore 
a case where a midpoint mass resulted in significant reduction in the 
diameter of the end body circle. 
In the following descriptions of the experiments, and the accompanying 
illustrations, reference is made to the parameter conditions,. E.g. Long 
Unweighted Slow. The parameters defined by these references are: 
1) Tether Length: Long =10 m, Medium = 6m, Short = 3 m. 
2) End Body Mass: Unweighted = no end body; Weighted = 20 gm end 
body. 
3) Tow point rotational speed. Slow = 4.19 red/sec, Medium = 7.85 
rad/sec, Fast = 14.66 rad/sec. 
4.2. Measurement Method 
The dynamic nature of this experimental set up, the light weight and the 
low cost, all preclude the use of active instruments to measure and 
quantify the motion of the string and the end-body. A video-reduction 
process was used instead. 
A video recorder captured the motion of the end body on multiple runs at 
different weights. A sight board of known length was placed behind the 
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rotating end body. The captured image was scaled from the known length 
of the sight board and the distance from the camera image plane to the 
sight board. The scaling was corrected for parallax by factoring in the 
known distance from the sight board to the in-plane point directly below 
the centre of the ceiling fan. See Figure 4-4 Test Dimensioning. 
 
Figure 4-4 Test Dimensioning 
 
For each run, 10 measurements were made of the extremity of the lateral 
motion of the end body perpendicular to the camera to sight board line. 
The measured distances were averaged to return a single end-body circle 
diameter for each end-body weight studied.  
Measurement was also made, in the same fashion, of the height above the 
floor of a node in the single cycle wave shape adopted by the string. 
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Results: The raw data is presented in the Appendix at the end of this 
chapter. Included in the data is a calculation of the Mean and Standard 
Deviation (SD) for each set of 10 data points. 
4.3. Tether Material  
As noted above, experiments were conducted to evaluate the effects of 
changes in tether length, tether material, rotational speed and end body 
mass.  
Tether materials evaluated were 1mm diam. nylon string, 2mm diam. 
polyester venetian blind cord and 12 lb test nylon fishing line.  
The purpose of this evaluation was to determine if there was any 
measurable variation in towed body behaviour due to changes in the tether 
material. Of primary interest was the potential for tether cross sectional 
area or surface texture impacting on the aerodynamic drag on the tether. 
This was triggered by the comment made by Paul Beauchamp-Legg that 
he had found a “hairy” rope to be the best for conducting his air show 
routine. 
4.4. Unweighted String 
This experiment was conducted with the Long (10m) string. 
This length of string, with no mass attached to the end, did not adopt the 
expected helical shape. Instead, the string shape approximated to being 
wrapped around a cylinder of the same radius as the towing arm. See  
Figure 4-5. 
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 Figure 4-5 Long Slow Unweighted String 
Motor speed changes resulted in raising or lowering the free end of the 
string while having little effect on the diameter of the “cylinder”. Higher 
motor speed lifted the free end, while slower motor speed lowered the free 
end. 
At very low rotational speeds, as the motor coasted to a stop, the number 
of turns of the string (3-1/4 in  Figure 4-5) decreased and the string hung 
closer to vertical below the attachment point. This result suggests that the 
motor speed is too high for the length of unweighted string used in this 
experiment 
 
4.5. Weighted String 
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The introduction of an end body having significant mass, by comparison to 
the string mass, resulted in the string adopting the expected helical shape. 
This is shown in Figure 4-6  Short, slow, weighted string. 
Results presented later in this section show the effect of change in end 
body mass on the shape adopted by the string. Changes in tether length 
were also examined and results are presented later in this chapter. The 
effect of motor speed changes was also explored and empirical results are 
presented. It was found that only one combination of string length and 
motor speeds resulted in small diameter end body circles. 
 
Figure 4-6  Short, slow, weighted string 
Figure 4-6, Figure 4-7 and Figure 4-8 are for the same length of string 
(3m) and same end body mass (20 gm) with three different rotating arm 
motor speeds. (4.19 rad/sec, 7.85 rad/sec and 14.66 rad/sec) Figure 4-6  
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is for the lowest motor speed. Figure 4-7  for the mid range motor speed 
and Figure 4-8 for the highest motor speed. 
String length for these three tests was short (3m). 
Figure 4-6 shows the outcome with the motor at the lowest speed. In this 
case the end body followed a small circle lagging about 1/3 turn behind the 
tow arm to which the string was attached. 
Increasing motor speed resulted in the end body lifting closer to the tow 
arm and lagging further behind the tow arm attach point. The string began 
to adopt more of the expected helical shape and then, at higher speeds 
departed from the helical shape. 
At the mid motor speed, the string shape was as shown in Figure 4-7.This 
was closer to the theoretical ideal helix shape. Figure 4-8 shows the shape 
at the highest motor speed. At this highest speed, the shape adopted is 
more like the cylinder shape achieved with the unweighted string. 
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Figure 4-7  Short Weighted Mid Speed 
 
Figure 4-8 Short Weighted High Speed 
A longer string resulted in the string shape more closely matching the 
expected ideal helix shape. Figure 4-9. 
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Figure 4-9  Long, Weighted Slow 
Figure 4-9  Long, Weighted Slow shows the outcome using the long (10m) 
string. This result was observed at the high motor speed. At lower speeds, 
the number of turns in the helix reduced and the end body lowered. 
Otherwise, the string shape was largely unaltered, maintaining the ideal 
helix shape until it lowered sufficiently to touch the floor. 
At all three speeds, the diameter of the circle followed by the end body 
was approximately the same, at around 200 mm. This circle was quite 
stable with little lateral motion.  
Some vertical movement of the end body was seen. The end mass moved 
vertically through about 100 mm. There was no apparent periodicity to this 
motion and no discernible triggering event. The end body followed the 
circular path at a steady height for a varying number of turns from 10 – 20 
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and then moved vertically during the time taken for one turn. It remained at 
the higher position, still following the same circular path, then as quickly 
dropped to the lower position. 
Figure 4-10   Long, Weighted Slow, viewed from directly below the test 
system, under the same test conditions as were photographed for Figure 
4-9. 
 
Figure 4-10   Long, Weighted Slow 
The apparent increase in diameter of the helix is a parallax effect. The 
helix diameter is, in fact, decreasing with vertical distance from the tow 
point. 
This photo shows that the helix is not accurately centred on the tow point 
axis. However the end mass circle was centred with little lateral end mass 
motion, as noted above. 
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4.6. End Body Circle Diameter Vs End Body Mass 
 
Figure 4-11  End Body Circle Diameter versus End Body Mass shows the 
plotted result for the end body circle diameter as the end body mass  was 
varied from 1 gm to 20 gm. String mass was 5.9 gm giving end body to 
string mass ratio range of 0.16 to 3.39. String Length was 3m. The multi 
value area of behaviour occurs for an end body mass of 6 to 8 gms (mass 
ratio 1.01 to 1.35). At this weight the end-body circle diameter approaches 
the diameter of the towing circle. Significant vertical and horizontal 
aperiodic oscillation was observed. At higher weights, the circle diameter 
stabilises at the 10% of tow circle diameter predicted in several of the 
papers studied. The curve for node height is of similar form and shape and 
has the same characteristic of a stabilised node height. 
1 SD Error Bars 
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Figure 4-11  End Body Circle Diameter versus End Body Mass.  
 
For other combinations of speed and string length, the system entered one 
of the many multi value regions predicted by mathematical modelling in 
work such as that carried out by Clarke et al. [30]. For these other 
combinations there were at least two, and as many as five, regions of 
unstable or multi-value operation. These other cases were not explored. 
4.7. End Body Circle Diameter Vs Tether Length 
Having considered the End Body Mass variable in the previous section, an 
examination was then made of the effect of changing tether length on the 
End Body Circle Diameter. 
The three tether lengths considered in the early stages of this series of 
experiments yielded limited data because the two of the three lengths 
initially selected were too long to yield more than a single data point. 
In order to extend a more systematic study of the effect of tether length a 
decision was made to shorten a tether. This allowed 11 data points from 
2m to 3m at 100mm increments. 10 measurements of circle diameter were 
made for each tether length, with the results plotted in Figure for each 
length. The raw data is shown at Fig. 4-22 and 4-23 
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Figure 4-12 End Body Circle Diameter Vs Tether Length 
The experimental configuration was a 3m tether with a 20 gm end mass. 
The plotted curve shows the expected reduction in end body circle 
diameter as tether length is increased. The theoretical limit of 100 mm end 
circle was not reached. 
The plotted results show a trend of asymptotic approach to the 100 mm 
end body circle diameter. 
4.8. Double Weighted String 
An interesting result occurred when attempting to photograph a tether 
made of fishing line. This line was nearly invisible as noted earlier and no 
useable photographic results were recorded.  
While attempting to use the fishing line, the line looped on itself about 300 
mm above the end mass, creating a loop about 300 mm long that rotated 
in a lateral plane, parallel to the plane of rotation of the rotating arm and 
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the end body. This was initially unnoticed, due to the near invisibility of the 
line, although a marked change in end-body behaviour was immediately 
evident. 
When this loop was formed, it was observed that the end body circle 
diameter reduced to about 50 mm, and that the tether between the end 
body and the loop was almost vertical. The end body was almost 
stationary. It exhibited the same vertical motion at about the same period 
as noted above for the long weighted string. 
The fishing line was replaced with the original string, with an added loop, 
in order to obtain a photographic record. This is shown in Figure 4-13 
Double Weighted String. It was also found that the addition to the loop of a 
small mass, around half the end body mass, further decreased the end 
body circle diameter to around 20 mm. 
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Figure 4-13 Double Weighted String 
The dimensions of the system when this behaviour was first noted are 
shown in Figure 4-14. 
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Figure 4-14 Double Weighted Tether Dimensions 
 
Further experiments showed that the same result could be obtained with a 
mass (plasticine) of around 5 gm fixed to the line approximately 300 mm 
above the end mass. In a later experiment the 5 gm mass was replaced by 
a block of foam of mass 1.5 gm to evaluate the effect of drag, by 
comparison to the effect of mass. It was observed that the tether shape, 
and end body circle diameter was identical within the bounds of 
measurement capability. This is shown in Figure 4-15. 
      A 
 
A – B  = 4130 mm 
B – C = 800 mm 
B – D = 300 mm 
 
Mass @ C = 20 gm 
Mass @ D = 2 gm 
 
B         D 
      C 
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Figure 4-15  String with added Drag/Mass 
Later experiments, with the Stage 1 test aircraft, showed that mid-tether 
drag was a significant contributor to stabilizing of the end body. This was 
consistent with the results of the last stage of the rotating arm test which 
had suggested that the drag had the same effect as mass in reducing 
towed payload circle radius. 
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In addition to these two behaviours at fixed motor speeds, a new 
phenomenon was also observed as the motor accelerated from stationary. 
Three distinct states of motion of the tether-mass system occurred at 
different speeds. 
As the motor first started to turn, the entire tether/mass system swung 
outside the diameter of the tow circle described by the tow arm tip. The 
tether was in roughly a straight line from the tow arm tip through the point 
of the mid tether mass, to the end body mass. As the motor speed 
increased, the circle diameter followed by the end body mass also 
increased to approximately twice the tow circle diameter. The tether/mass 
system motion was steady, with no significant motion outside of the 
horizontal circular path being observed for either the end body or the mid 
tether mass.  
With further motor speed increase, the system moved to a second state, 
with the mid tether mass following a circle with diameter about 40% that of 
the tow circle. The tether shape became that of the expected helix from 
the towing point to the mid-tether mass. At the mid tether mass, the tether 
turned sharply outward to the end body, which was following a circle 
approximately 75% the diameter of the tow circle. The transition to this 
second state occurred at a motor speed of approximately 25% of the 
highest motor speed. This state remained stable, with little change in the 
diameters of the end body and mid tether mass circles, until motor speed 
reached about 60% of the ultimate speed, when a second state transition 
occurred. 
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At speeds greater than 60% of the maximum motor speed, the mid tether 
mass circle diameter decreased again, to a diameter of around 25% that of 
the tow circle. The end body swung inside the circle of the mid-tether mass 
to follow a circle around 5% the diameter of the tow circle. This is the state 
observed initially, and which led to this series of experiments. These three 
states observed during acceleration are shown in Figure 4-16. 
 
Figure 4-16 Low Speed, Mid Speed and High Speed Tether shapes 
The same states of motion were observed as the motor speed was 
decreased to stationary.  
Figure 4-17 is a plot of the end mass and mid tether mass circle 
diameters. This shows the circle diameters for the three states of motion 
sketched in Figure 4-16 above. 
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Figure 4-17  Body Circle Diameter vs. Rotational Speed 
The above experiment was further extended by adding a second mid-
tether mass, in this case supplied by way of two loops of string. These 
duplicated the single string loop, which was initially observed and which 
led to the experiments described above. The addition of the second loop 
further reduced the end body circle diameter, resulting in the final segment 
of the tether being almost vertical and close to the axis of the rotating 
tether/mass system. The end mass circle diameter was about 2% of the 
fan diameter. This was a “single point” test, in that no attempt was made to 
investigate altered loop positions or sizes. 
4.9. Other Observations 
In addition to the outcomes already discussed, some interesting 
observations were made when correlating the results with later analytic 
work carried out by others in the RMIT team, and also when comparing 
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with published literature describing analysis of large scale airborne 
systems 
1) The experiments conducted here were under conditions of high 
rotational speeds, in the order of 4.19 to 14.66 rad/sec. Published 
literature for the airborne case has considered full scale systems rotating 
at around 0.052 rad/sec. Later experiments were conducted by this author 
using radio controlled aircraft circling at 0.5 rad/sec.  
It was interesting to observe that the tether/end-body system behaviours 
are comparable in all three cases, with an exception noted in point 3) 
below.  
2) Related to point 1), the small scale system operates under conditions 
where centripetal acceleration is significant, due to the high rotational 
speed. By comparison, the low rotation speeds of the large scale case 
make mass and aerodynamic drag dominant. 
3) Mid tether drag and mass provided similar outcomes in terms of tether 
shape and end body circle diameters for experiments at a small scale. 
This effect was tested in a larger scale experiment, described in Chapter 
5, where mid tether drag was used. 
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4.10. Correlation To Earlier Studies 
 
Skop and Choo [6] presented an examination of the mathematics of the 
circularly towed cable. The current author found this paper to be of great 
value in evaluating the consistency of the current experimental work with 
analytical work carried out by earlier writers. In the referenced paper they 
developed a set of non-dimensional parameters which allowed the 
application of their results to a wide range of models of varying size, mass, 
velocity and materials. Their start point was very large, low rotational 
speed and long tether, versus the current experiment which was small, 
high omega and short. A comparison of their results and predictions with 
the observations of the current author showed similar behaviours. This 
gave confidence that the observations and predictions could be transferred 
to a larger scale case with reasonable confidence of success. Table 4-2 
shows the comparison of parameters 
Parameter Skop and Choo Experimental 
Tow Velocity 50 – 150 m/s 5 m/s 
Tow Radius 300 – 900 m 0.5 m 
Tether Length 5000 – 15000 m 3 m 
Tether Diameter 6.5 mm 2 mm 
Payload Mass 45 – 135 kgm 20 gm 
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Table 4-2 comparison of magnitudes. Skop and Choo to Experiment. 
 
Figure 4-18 is reproduced from Skop and Choos’ [6] paper. The author 
has added the line indicating the area of operation (non-dimensionalised) 
of the above experiment for a range of masses. 
 
Figure 4-18 Comparison of Test Data to Skop and Choo Plot 
A further result from Skop and Choos’ work is that the ratio of L/R (tether 
length over tow circle radius) yields a single value solution and a towed 
Circle radius of approximately 10% of the tow circle radius. The results of 
the experiment described at section 4.7 were consistent with this. 
4.11. Reynolds Number Considerations 
Importantly, Skop and Choo [6] predict an end-body circle radius of 10% or 
less of the tow circle radius for certain combinations of tow velocity, end-
Line of experiment operation 
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body mass and tow cable drag. The same ratio of end body circle diameter 
to tow circle radius was seen for the test case described in this thesis. This 
suggests that the results are independent of Reynolds number and are 
thus potentially scaleable from the very small to the very large, across a 
range of rotational and linear speeds. 
This gave the author confidence, in moving to the next stage of 
experimentation, that results seen in the small scale experiment and 
predicted in modelling for large scale cases would be replicated. 
 
4.12. Conclusion. 
For the limited cases studied with the simple ceiling fan experiment, it was 
found that a range of values existed which could be plotted on the curves 
presented by Skop and Choo [6]. These values placed the operation of the 
model spanning the tip of the multi value region drawn by Skop and 
Choo,[6] thus predicting regions of single value operation and multi value 
operation, and a stable state where the end-body circle radius was 
approximately 10%Error! Bookmark not defined. of the tow circle radius. 
Experimental results confirmed this result. 
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4-19 Data for Mass Change Experiment Sheet 1 
Page 4-117 
 
4-20 Data for Mass Change Experiment Sheet 2 
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4-21 Data for Mass Change Experiment Sheet 3 
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Length Vs end point radius 
3000  L  R  2900 L R 2800 L  R 2700 L R
1  235  325  1 212 333 1 213 342 1 220 345 
2  215  335  2 213 329 2 225 343 2 215 339 
3  213  334  3 216 334 3 222 341 3 218 338 
4  223  336  4 222 333 4 219 337 4 212 340 
5  214  338  5 214 333 5 213 336 5 218 338 
6  219  337  6 217 335 6 219 341 6 209 347 
7  217  335  7 216 331 7 217 341 7 210 348 
8  214  330  8 211 334 8 216 342 8 217 349 
9  217  338  9 215 336 9 220 340 9 218 346 
10  219  334  10 217 332 10 220 339 10 217 347 
Mean  218.6  334.2  Mean 215.3 333 Mean 218.4 340.2 Mean 215.4 343.7 
SD  6.501282  3.994441  SD  3.12872 2 SD 3.777124 2.250926 SD 3.777124 4.423423 
2600  2500 2400 height 2300
1  211  346  1 206 343 1 200 352 1 272 437 
2  213  356  2 208 359 2 199 351 2 276 438 
3  217  351  3 211 354 3 200 356 3 273 437 
4  214  352  4 206 354 4 200 357 4 275 442 
5  215  347  5 207 357 5 203 359 5 268 439 
6  216  351  6 208 355 6 204 355 6 270 435 
7  219  348  7 204 355 7 198 359 7 274 436 
8  215  350  8 206 353 8 197 361 8 275 438 
9  213  349  9 207 356 9 199 360 9 273 435 
10  214  348  10 205 357 10 200 351 10 274 439 
Mean  214.7  349.8  Mean 206.8 354.3 Mean 200 356.1 5.5 273 437.6 
SD  2.263233  2.898275  SD  1.932184 4.347413 SD 2.108185 3.754997 3.02765 2.44949 2.1187 
 
4-22 Data for Tether Length Change Experiment Sheet 1 
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2200  890  height  2100 910 height 2000  1100 height
1  265  441  1 201 391 1  231 423
2  264  444  2 204 390 2  228 425
3  265  447  3 199 385 3  226 428
4  262  445  4 200 386 4  228 427
5  266  446  5 205 381 5  227 426
6  268  447  6 204 382 6  229 424
7  269  444  7 198 381 7  230 426
8  261  442  8 200 380 8  228 424
9  266  444  9 199 384 9  226 423
10  265  445  10 201 381 10  225 426
Mean  265.1  444.5  Mean 201.1 384.1 Mean  227.8 425.2
SD  2.4  2.0  SD 2.4 3.9 SD 1.9 1.7
Tether Length 
mm 
End Point Diam. 
mm  L  R
3000  146  203.6  349.2
2900  147  201.3  348
2800  150  204.4  354.2
2700  150  204.4  354.7
2600  156  204.7  360.8
2500  163  199.8  362.3
2400  167  195  362.1
2300  174  269  442.6
2200  179  265.1  444.5
2100  183  201.1  384.1
2000  197  227.8  425.2
4-23 Data for Tether Length Change Experiment Sheet 2 
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5.  
 5..EXPERIMENTAL FLYING PROGRAM 
 
This chapter describes the program of flying conducted 
using a Radio Controlled model aircraft, and then a 
single flight in a full scale aircraft. This was a 
progressive series of experiments building toward the 
ultimate case of an instrumented aircraft towing an 
instrumented payload to gather experimental data.  
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5.1. Introduction 
Stage 2 of the experimental project, described in this thesis, was designed 
as a sequential set of experiments leading to actual measurement of the 
motion of a towing aircraft and the towed body. This chapter describes that 
set of experiments. 
Each of these experiments is described in a separate section of this 
chapter using a common format as follows: 
Introduction. A brief description of the experimental setup and 
objectives 
Experimental configuration. A discussion of the experimental setup. 
Experimental method: A description of the experimental process. 
Results: a summary of the results (and data where applicable). 
Analysis: Analysis of the experimental data where applicable. Discussion 
of analysis, methods and outcomes. 
Observations: Discussion of the outcome of the experiment and the 
results achieved, which can be carried forward to another phase. In some 
cases, results were achieved which were outside the scope of the current 
studies. These are noted and left for later investigation. 
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From a review of available literature, it appears that measured data exists 
for small scale cases of circular towing in tow tanks (for the water borne 
case) and in wind tunnels (for the straight aerial tow case). While analytical 
data exists for the large scale, aerial case [36], this author has been 
unable to locate any detail measurements of aircraft and payload 
behaviour for the circularly towed case. 
This absence of available data led to an experimental objective of data 
gathering, and an experimental design requiring instrumentation of a 
towing aircraft and a towed payload. It also led to the program approach, 
mentioned in paragraph one, of a series of graduated “building blocks” 
where lessons learned from one stage could be carried forward to the next 
stage. Some of the discoveries from the small scale indoor tests, 
described in the previous chapter, were used in this stage. 
The program led to the development of a small UAV using a commercially 
available UAV autopilot from Micropilot in Canada. Part of the 
experimental work, described in this Thesis, was the application of this 
autopilot system as a data sensor/recorder, and also as a controller, in an 
effort to achieve autoflight control of the aircraft motion along the desired  
circular tow paths. This is described in greater detail in the relevant 
sections of this chapter.  
The experiments are gathered into Section 5.2 of this chapter under the 
heading of Experiments. They are described in a series of subsections 
The experiments conducted, which are discussed in the following sections, 
are as follows. These are presented in chronological order. 
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5.2.1 Uninstrumented- Hand Flown Aircraft and Towed 
Tether Without Payload. 
5.2.2 Uninstrumented- Hand Flown Aircraft and Towed 
Tether with “Banner”. 
5.2.3 Uninstrumented- Hand Flown Aircraft and Towed 
Tether with “Banner” and Mid-tether Drogue. 
5.2.4 Uninstrumented- Hand Flown Aircraft and Towed 
Tether with Uninstrumented Payload. 
5.2.5 Instrumented Hand Flown Aircraft. 
5.2.6 Instrumented Autopilot Equipped Aircraft: No 
Tether. 
5.2.7 Instrumented Aircraft with Instrumented Payload. 
5.2.8 Instrumented Autopilot Equipped Aircraft: with 
Tether. 
5.2.9 Instrumented Autopilot Equipped Aircraft: with 
Instrumented Payload. 
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5.2. Experiments  
The sub sections of this section describe each of the experiments 
conducted. 
The aircraft used through this series of experiments were all of the same 
general configuration, although several different models were used. 
The aircraft selected were off-the-shelf 1.5m span, high wing RC trainers. 
3 had tricycle undercarriage, 1 was a ”tail dragger”. 2 had flaps, 2 did not. 
In any event, the flaps were not used during the experiments. The aircraft 
were powered with a 0.40 cu in (40) sized Internal Combustion two stroke 
engine. They utilised 6 channel radio control equipment. In later stages of 
the flight testing, the aircraft were fitted with a Micropilot MP-2028g 
system. This provided data logging and auto-flight control.  
The aircraft were unmodified aerodynamically. However, there were 
various modifications made at several stages to accommodate the 
equipment needed for the experiments. These modifications are described 
in the relevant sections. 
In the course of the experimentation, 3 aircraft were destroyed and one 
lost when it flew away. These aircraft were replaced with others of the 
same general configuration. Two sets of Micropilot equipment were 
damaged or lost. The circumstances surrounding these losses are 
described in greater detail in the relevant sections below, together with the 
lessons learned which were carried forward. These losses restricted the 
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amount of data collected. However, the author was able to gather useful 
information from the limited data set available. 
The experiment of section 2.1 established a tether configuration that was 
used for all subsequent tests. Several of the published authors [3, 17] 
studied have included tether elasticity as a parameter in their analytical 
models of tether behaviour. During the indoor test this author had 
experimentally determined Young’s modulus for the tether. Others [11, 36] 
have predicted that a low elasticity tether is preferred, in order to minimise 
the Bungee Mode oscillation in the tether. Initially, because of the cost of 
low elasticity tether material, the current author placed elasticity below 
cost/availability and visibility in selecting a tether material for these tests. 
All tests were conducted off grass runways. Early testing was carried out 
under conditions of zero or very light (2.5 m/sec max) winds. Later in the 
program testing was conducted under conditions of strong wind to 
evaluate the behaviour of the payload when it was forced outside the 
diameter of the towing aircraft circle. 
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5.2.1. Uninstrumented- Hand Flown Aircraft and 
Towed Tether without Payload 
Introduction. 
This initial test was for the purpose of evaluating the effect on aircraft 
performance of towing a long tether. Several tether types and lengths were 
trialled. The standard RC model had a tether tied to a tow hook on the 
back of the aircraft. 
The experimental plan was to empirically evaluate take-off, cruise and 
landing performance while towing different configurations of tether. In the 
cruise phase, it was also planned to evaluate the tether behaviour during 
turning/circling manoeuvres. 
Experimental configuration. 
The first aircraft used had a “tail dragger” undercarriage with the main 
wheels forward of the centre of gravity and the tail supported by a skid. 
See Figure 5-1. The basic airframe was identical to one model and similar 
to the other two models used in later stages. It was found that ground 
control of the tail dragger configuration was difficult and the undercarriage 
was modified to a standard  tricycle configuration after the initial tests. This 
made ground handling easier, but was of no great significance to the 
experimental program. 
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Figure 5-1 Typical Experimental Aircraft 
For this first experiment, the towed tether was simply tied to the wire tail 
skid of the towing aircraft. The subsequent tricycle undercarriage version 
retained the tail skid. 
Several tether configurations were trialled. Length, diameter and materials 
were all varied. As related  in the earlier discussion of the author’s 
interview with Paul Beauchamp-Legg, an empirical preference for a high 
drag tether material had been noted. Smooth fishing line, wound cord and 
braided cord were trialled.  
The following tethers were tested. 
40 Lb test fishing line of 0.60mm diameter. This had a smooth surface. 
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Plain twisted white cotton thread of 1.5mm diameter. This had a surface 
texture between that of the fishing line and the braided tether material 
described next. 
Black braided Polyester Venetian Blind cord of 2mm diameter. This had 
the coarsest surface texture. Figure 5-2 shows a reel of the Black tether 
material. 
The Polyester Cord was elastic and was expected to exhibit a bungee 
mode. This was considered acceptable for the early stages of the 
experimental series. It was planned to replace it with a material with low 
modulus of elasticity later in the program. 
 
Figure 5-2  Tether Material 
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As noted in the section on scalability, in the chapter detailing the ceiling 
fan tests, the results suggested that a tether length of greater than 100 
meters would be required to allow turn circle radius for the towing aircraft 
to be reasonable. Too small a radius would lead to a high bank angle 
requirement. Two tether lengths were tested. 100 meters and 200 meters. 
The initial lengths were driven simply by the lengths in which the material 
could be purchased, namely 100 meter reels. The 200 meter length was 
the high limit of tether length due to altitude constraints on model aircraft 
imposed by the Australian aviation regulator, the Civil Aviation Safety 
Authority (CASA). This limited flight test to 500 ft (152.4 m) above ground 
level (AGL). 
It was found that the 100 m tether resulted in a towing circle diameter that 
required the aircraft to operate close to the stall at the high bank angles 
required. The 200 m tether allowed larger diameter circles to be flown. The 
200 m tether was used throughout. This also was around the maximum 
length that aircraft was capable of towing later in the experimental series, 
due to the drag from the tether/payload combination. 
After the initial tests were conducted successfully, the testing was 
repeated using a smaller electric powered model, shown in Figure 5-3. 
Wingspan of this model was 1.17m. The purpose of using this aircraft was 
to trial the behaviour at very low speed with shorter tether lengths. 
The tether used was 30 m of light twine. 
Page 5-132 
 
Figure 5-3  Small Electric Powered Tow Aircraft 
Testing with this model was conducted outdoors under “zero” wind 
conditions at dawn and dusk. Success with this light weight model led to 
one further stage of experiments at this level using a still smaller indoor 
model, towing a 30 m crepe paper ribbon. This testing was carried out in a 
basket ball stadium.  A video record of this indoor test is included in the 
archive material supporting this thesis. 
Figure 5-4 is a photo of the type of aircraft used for this testing. Wingspan 
of this aircraft is 0.82m. 
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Figure 5-4  Indoor Electric Powered Model 
Neither of the electric powered models was used for any flying beyond this 
initial stage. 
Results from the testing with the two electric powered models was 
consistent with the indoor testing already carried out. It extended that 
testing somewhat by allowing tether length of 30 m. There were no 
departures observed from expected behaviour. 
One result of the indoor electric powered model testing was demonstration 
of a concept developed by Professor Trivailo and presented in a paper co-
authored with Williams. [21] Two electric powered models were coupled by 
lightweight crepe paper streamers to a 10 gm mass which was 
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successfully lifted by the two aircraft circling about a common axis. This 
was observed but is not further documented in this thesis. 
Experimental method: 
All tests in section 5.2.1 were hand flown. There was no data logging. 
Video record and photographic recording was attempted.  It was found that  
it was impossible to capture any meaningful visual record because of the 
difficulty of seeing the tether in the photos and videos. The Results section 
therefore consists of observations. 
Before attaching the tether, several flights were made to benchmark the 
aircraft performance. After observations were made of takeoff run length, 
climb out angle, cruise and approach throttle settings, and landing roll, the 
tether was attached and the tests repeated. 
All takeoffs were made at full throttle. The throttle was reduced for cruise. 
It was pulled back to idle for the approach and landing. 
Takeoff tests were made to assess the ability of the aircraft to accelerate 
to flying speed, takeoff and climb, while towing the tether. The maximum 
climb angle, without losing speed, was used as a measure of climb 
performance. 
Cruise tests were conducted to observe the tether behaviour during 
straight and circling flight at various turn radii and airspeeds. 
Landing tests were made to assess the effect on the final approach of the 
tether trailing and touching the ground prior to aircraft touchdown. 
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RESULTS AND OBSERVATIONS 
The comparative no-tether and attached-tether flight observations are 
tabulated in Table 5-1  Performance Comparison - Tether Vs no Tether. 
 
Flight Phase No Tether Tether (100m and 200 m)
Takeoff Roll 40 m 50 m - 60 m 
Climb Angle 60 deg 60 deg 
Cruise Throttle Setting 40% 40% 
Approach Throttle Setting 10% 10% 
Landing Roll 40 m 20  m 
Table 5-1  Performance Comparison - Tether Vs no Tether 
During this testing, it was observed that the ability of the aircraft to 
accelerate to flying speed was at times compromised by the tether 
snagging on clumps of grass. 
It was impossible to see the fishing line. In addition, the line was extremely 
difficult to handle, twisting up in the fashion observed during the earlier 
indoor tests. It was quickly discarded. 
It was noted that the light coloured tether was almost impossible to see at 
distance against the sky. After the first flights, a small piece (100 mm x 
100 mm) of yellow fabric was attached to the end and middle of the tether 
to aid observation. Size was kept to a minimum to minimise the effect of 
added drag. It was found that best observeability was obtained by using 
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the black Venetian Blind Cord tether. This allowed observation of the full 
length of the tether, from the aircraft to the free end. This tether material 
was retained for all subsequent experiments. 
It was noted that the free end of the tether whipped around significantly. 
This behaviour was predicted in a previously referenced paper by the 
author [1] studied by the author. The addition of a small piece of fabric to 
the end of the tether, as a drogue, significantly reduced this motion. 
Increased takeoff roll was observed, as was reduced landing roll. There 
was no apparent performance decrease once the tether was off the 
ground. It was apparent that the drag of the tether on the ground was 
adding significant load to the aircraft. On several occasions takeoff was 
abandoned when the tether snagged on a clump of grass. Initial takeoffs 
were made with the tether laid out as shown in the sketch at Figure 5-5. 
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Figure 5-5  Tether layout for takeoff - Configuration 1 
 
After aborted takeoffs were experienced, the tether was laid out as shown 
in Figure 5-6. The zigzag of tether was laid out on a large tarpaulin, in 
order to eliminate snagging of the tether on the grass surface of the 
runway. This technique was used for the remainder of the experimental 
flight work, with some variations added when a payload pod was attached 
to the end of the tether. These changes will be described later. 
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Figure 5-6  layout for takeoff - Configuration 2 
 
On one landing, the tether snagged and stopped the aircraft, while it was 
still 3 m above ground, resulting in a heavy landing, with substantial 
damage to the aircraft. 
Both the 100 m and 200 m tethers were observed to take up the expected 
helical shape at small turn radius of  the towing aircraft. This was achieved 
at a bank angle of around 70 deg, with the 100 m tether, and around 50 
deg for the 200 m tether. 
Initial flights were made with the pilot (the author) at the centre of the 
circle, attempting to maintain a constant radius and altitude. This was 
quickly discarded in favour of positioning the aircraft out in front, so that it 
was approx 100m away at closest approach. It was found far easier to 
judge the turns and maintain a constant altitude under this regime. It was 
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still an extremely difficult control task to maintain a constant tight circle at 
constant altitude. 
Analysis  
There was no data to analyse from this stage of testing 
Outcomes  
There were several useful observations and results from this stage of 
testing. 
1) For safety reasons, a tether release was adopted to allow discarding 
the tether before landing and also to allow ejecting the tether should it 
snag during takeoff. This release went through several iterations during 
subsequent test stages. 
Initially, the release was a simple servo controlled wire through the side of 
the fuselage. The tether was brought between the undercarriage legs and 
a loop on the end of the tether hooked over the wire. When release was 
required, the pilot could activate the servo, releasing the tether. 
2) A very high pilot skill level was required to fly the required circling 
manoeuvre. This supported the early belief that it would be necessary, 
ultimately, to work toward an autopilot controlled system. 
3) An improved takeoff scheme was needed to minimise tether drag and 
snagging during takeoff. 
4) The greater the tether length, the lower the required bank angle of the 
aircraft for the circular tow manoeuvre. This was consistent with the 
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predictions made in various analytical papers studied by the author, 
and also with those found experimentally during indoor testing. 
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5.2.2. Uninstrumented- Hand Flown Aircraft and 
Towed Tether with “Banner” 
Introduction.  
A brief description of the experimental set up and objectives 
This series of flights was a small increment on the tests described in the 
previous section. It used a tricycle undercarriage configuration aircraft. 
See Figure 5-7. 
The only change to the previous configuration was the addition of a 
“banner” to the end of the towed tether. This series of flights was made to 
qualitatively evaluate the effect of the additional drag of the banner. 
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Figure 5-7  Tricycle Undercarriage aircraft 
There was also an objective to try to repeatedly hand fly the circle-tow 
manoeuvre, while decreasing altitude. The aim was to try to gently place 
the banner on the ground, keeping the aircraft circling above the 
grounded/stationary banner. 
Experimental Configuration 
This series of test was carried out with a 200 m tether. A “banner” was 
attached to the free end of the tether to provide a high visibility, moderate 
drag “payload”. The 2000 mm x 350 mm banner was a piece of yellow 
ripstop nylon. It was hemmed to prevent fraying. The banner is shown in 
Figure 5-8. 
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Figure 5-8  Towed Banner 
 
During the first flight in the series, the “banner” was observed to rotate 
around its long axis, resulting in substantial twisting of the tether. The first 
flight with this configuration was completed by releasing the tether while 
the towing aircraft was still airborne. When the ejected line was recovered, 
it was found to have tangled and twisted, due to the rotation of the banner. 
It took nearly 15 minutes to unravel the tether. 
To overcome this problem on future flights, a fishing swivel was added to 
the end of the tether, at the banner attach point. This completely 
eliminated the tether tangling on subsequent flights. The swivel and tether 
is shown in Figure 5-9. 
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Figure 5-9  Tether with swivel 
 
During the attempts to “ground” the banner, it was found that the pilot 
could not handle the simultaneous tasks of flying the aircraft and 
evaluating banner height above the ground. An observer was used for all 
subsequent flights, standing alongside the pilot, to verbally advise the pilot 
of the banner motion and height. 
Experimental Method 
All tests in this section were hand flown. There was no data logging. The 
banner made it easier to observe the positional relationship between the 
towing aircraft and the end of the tether. Some photographic record was 
possible. A video record was attempted on several occasions but did not 
result in useful images. It was found that it was difficult to consistently 
capture the tow aircraft and the banner in the same image. The research 
team did not have the resources to utilise separate time synchronised 
video cameras for the aircraft and the banner. 
The same takeoff techniques as previously described were used initially. It 
was observed that this resulted in a significant step increase in the drag on 
the aircraft as the banner was “snatched” off the ground. 
Release of the tether before landing had, by this stage, been adopted as 
standard practice.  
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The same empirical evaluation, used to assess tow aircraft performance in 
the first series of flights described in the previous section, was used for 
this series of flights. 
Circular towing was carried out at an initial altitude of around 200 meters. 
Results 
The comparative “tether only” observations from the previous section, and 
“tether plus banner” observations are tabulated in Table 5-2. The results 
for approach throttle and landing roll are not applicable, because the tether 
had been released by this phase of flight. 
 
Flight Phase Tether only Tether plus Banner 
Takeoff Roll 40 m 50 m – 60 m 
Climb Angle 60 deg 45 – 50 deg 
Cruise Throttle Setting 40% 50% 
Approach Throttle Setting 10% 15% before tether 
disconnect 
Landing Roll 40 m Not relevant 
Table 5-2  Banner and no-Banner Performance Comparison 
 
In the previous section, it was noted that the small drogue on the free end 
of the tether reduced the whipping motion of the tether. This whipping 
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reduction effect was even greater with the larger drag provided by the 
large banner used in this section. 
Circular towing of the banner was successful. It was found that repeatable 
results could be achieved by initially flying the aircraft in a large diameter 
circle, then gradually reducing the circle (by increasing the aircraft bank 
angle), while maintaining a constant altitude. As previously noted, this took 
a high degree of pilot skill. Required skill level was above that of the writer 
initially. Assistance was sought from other more experienced pilots. 
 
Figure 5-10  Tow Aircraft and Towed Banner in Flight 
The initial circle diameter was around 200 meters. This resulted in the 
banner trailing approximately 1/3 of a circle behind and slightly below the 
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aircraft. As the circle diameter was decreased to around 100 meters, the 
banner trailed about ½ circle behind the aircraft and an estimated 20 – 30 
meters below it. At tighter circle radius, approximately 60 m, the banner 
trailed a full circle behind and below the aircraft. 
Figure 5-10 above shows the tow aircraft and the banner in the same 
photographic frame. The black tether can also be seen. In this photograph, 
the aircraft is travelling from right to left, as is the banner. The banner is 
following a circle of smaller diameter than that of the aircraft and is lagging 
a full 360 degrees behind the aircraft. This results in it being closer to the 
ground observer than is the aircraft. At this time the aircraft was flying in a 
circle about 75 meters in diameter. 
As the circle diameter was decreased to around 50 meters, the banner 
moved toward the centre of the circle, hung about 100m below the aircraft 
and followed a circular path estimated at around 10 m diameter. The 
banner was observed to be hanging almost vertically, about 100 m off the 
ground. 
While maintaining the 50 meter diameter circle, the throttle setting was 
reduced and the aircraft allowed to descend at the same airspeed. This 
resulted in the banner slowly descending and eventually “touching down” 
gently. 
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Figure 5-11  Banner "Touch Down" 
The photograph, in Figure 5-11 above, shows the banner at the moment of 
touch down, with the tether angling up at about 45 degrees. The aircraft 
was following a 50 meter diameter horizontal circle, with the banner 
touching the ground below the centre of the circle. 
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With the banner on the ground, the throttle setting was increased slightly 
and the aircraft was flown in constant altitude circles at 50 m diameter, 
centred on the grounded banner. The writer and another observer were 
able to walk to the banner, pick it up and handle it, without affecting the 
aircraft flight path. 
Subsequently, the throttle setting was increased and the aircraft was 
allowed to climb, while still maintaining the 50 meter circle diameter. The 
banner was observed to lift gently from the ground and resume the 
airborne circling, below and behind the towing aircraft.  
Finally, as the aircraft resumed straight flight the banner (obviously) 
followed. 
It is believed that this was the first occasion on which this circular 
tow/touchdown manoeuvre has been flown in Australia. 
Following on from this successful experiment, the writer was able to 
develop the flying skills necessary to be able to make later flights in the 
experimental series. It took some 30 flights to develop the skill necessary. 
Because of the requirement for this flying to be conducted under light 
winds, this added several unexpected months to the experimental 
program. 
There was an interesting observation made during the transition from 
circling flight to straight flight. As the aircraft was brought to “wings level”, 
and moved from the circular flight path to a straight path, the banner was 
observed to follow a curved path in the direction of the tether, rather than 
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immediately following in the direction of the aircraft. It was only as the 
banner completed the circular path to the same point of departure as the 
aircraft that it finally began to follow directly behind the aircraft. 
This unexpected result prompted an experiment where, with the banner 
grounded, the circling aircraft was flown straight away at constant altitude 
instead of first climbing to pick up the banner. On several occasions tether 
tension came on to the banner, with the tether end a ½ circle behind the 
point where the aircraft went to straight flight. When this occurred, the 
initial motion of the banner was in a direction opposite to that of the 
aircraft. The banner followed the ½ circle arc of the tether as the banner 
accelerated and its height increased. Of interest, it was observed that the 
pickup of the banner was still quite gentle. It did not appear to suddenly 
“snap” into the air. 
This prompted trialling a new takeoff technique. The tether with banner 
attached was laid out in the same zigzag pattern as previously described. 
The initial takeoff roll was made as previously. However, as soon as the 
aircraft was airborne, and before the banner was towed into the air, the 
aircraft was turned sharply back and circled over the tether, much of which 
still  remained in a zigzag pattern on the ground. The aircraft height was 
gradually increased, lifting the remaining tether until eventually the banner 
was picked up in the same gentle manner as observed during the earlier 
flights. This technique proved useful later in picking up the heavy and 
delicate instrumented payload. 
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Analysis 
There was no data to analyse from this stage of testing. 
Observations 
Achieving a successful demonstration of the “delivery” of the banner from 
airborne towing to stationary on the ground and subsequent pick up and 
fly-away, was a major step in the experimental program. 
It proved that the small scale at which these experiments were being 
conducted could yield useful observations and empirical evidence of the 
concept. 
It demonstrated that the towing aircraft, used at this level, had sufficient 
performance margin (just) to cope with the increased drag and load of the 
tether/banner combination. 
The ability of the writer to learn the skill and technique to successfully fly 
the set-down and pick up manoeuvres demonstrated that average piloting 
skills are adequate for the task at these levels, after suitable training and 
practice. 
It supported development of the set down and pick up manoeuvres used 
for all subsequent experiments. 
It allowed determination of a useable tether material and tether length to 
carry forward into later experiments. 
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The circle diameter followed by the banner was larger than predicted in 
literature and observed in the small scale ceiling fan tests. A circle 
diameter 10% of that of the towing aircraft was expected. It was closer to 
20%. 
The development of a new takeoff technique was significant in later 
experiments with the instrumented payload. 
The behaviour, on some occasions, of the banner moving initially opposite 
to the direction of the towing aircraft on pick up was significant. It 
suggested further exploration with an instrumented payload attached to 
the end of the tether to try to gather data about the motion under these 
circumstances. Unfortunately, this was not possible during this series of 
experiments. It is an area for further exploration, either by the writer or 
another researcher. This pickup motion is a new phenomenon, not 
previously reported. 
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5.2.3. Uninstrumented- Hand Flown Aircraft and 
Towed Tether with “Banner” and Mid-tether Drogue. 
Introduction.  
This series of flights was for the purpose of evaluating, subjectively, the 
behaviour of a towed tether, fitted with a drag producing banner at the tip, 
when an additional drag producing “windsock”, Figure 5-12, was placed 
about mid tether. 
The decision to carry out these flights arose from the observed behaviour 
of the tether during the indoor ceiling fan tests described in chapter 3. As 
noted there, a reduction in the diameter of the circle described by the 
tether tip arose when an additional mass was added to the tether between 
the tow point and the tip. The same effect was noted for a mid tether drag. 
In the latter case, because of the scale of the indoor experiments, it was 
not possible to be certain if the effect was due to drag or to mass. 
It was decided to test initially with a light weight, drag producing “wind 
sock” mounted mid tether. 
Experimental Configuration 
The same tether/banner combination as used for the testing in section 
5.2.2 was used. The windsock was added by simply tying it at various 
points along the tether, starting about 2/3 of the distance from the tow 
point to the free end. 
The windsock was constructed of the same material as the banner. It was 
a constant diameter tube. The line attachment end was held open by a 
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wire ring sewn into a pocket in the fabric. The free end had a draw string 
sewn into a similar pocket. This could be used to reduce the diameter of 
the free end, effectively “throttling” the airflow through the windsock. Figure 
5-13. Initial tests were carried out with the diameter of the free end closed 
down to 2/3 the diameter of the open end. 
Wind sock length was 1800 mm. 
Open end diameter was 240mm. 
Initial free end diameter was 160 mm. 
 
Figure 5-12  Windsock 
A 750 mm long 4 point bridle was used to attached the windsock to the 
tether, using a rotating swivel, the same as that used for the banner 
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attachment.
 
Figure 5-13  Throttling end of Windsock 
 
Experimental Method 
This series of flights was made on the same day as the flights described in 
section 5.2.2. 
The test flight plan was to fly the same circle-tow manoeuvres as in the 
previous flights and watch for any noticeable difference in the behaviour of 
the towed banner. 
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Results 
Tow aircraft performance was noticeably degraded by the additional drag 
of the windsock. Figure 5-14 Cruise throttle setting was now increased to 
approximately 70%. 
There was no noticeable change in the behaviour of the towed system 
either during straight towing or during the initial transition into circularly 
towed flight. However, the behaviour of the banner changed noticeably as 
the tow circle diameter approached 50m. 
 
 
Figure 5-14  Windsock and Banner in Flight 
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The banner circle diameter decreased further, below that noted in the 
testing with the banner alone at the free end of the cable. The windsock 
moved in a circle around 10 m diameter. However, the banner now 
followed a circle around 3-4 m diameter. It was, for all practical purposes, 
stationary. 
Just visible in the original photo, reproduced here Figure 5-15, is a clear 
direction change of the tether at the windsock attachment point, angling in 
toward the centre of the common centres of the tow circle, the windsock 
circle and the banner circle. 
 
Figure 5-15 Windsock, showing Tether Deflection 
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The same procedure was followed, of decreasing the tow aircraft altitude 
to place the banner gently on the ground. The reverse procedure was 
used to raise the banner off the ground. The banner vertical motion 
seemed to be less sensitive to aircraft motion. 
Objectively, it appeared that the windsock tended to stabilise the towed 
banner, making the banner circle diameter smaller and making control of 
the banner easier. 
 
Figure 5-16  Banner Pick-up 
The tether is barely discernible in the above photo, Figure 5-16. However, 
from the angle of the portion of the banner that is off the ground, it can be 
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deduced that the tether is nearly vertical. This compares with the 45 
degree departure angle in the earlier flying without the windsock. 
In later flying, the writer found it easier to fly and control the 
windsock/banner system than the banner alone. 
 
Analysis 
There was no data to analyse in this section. 
Observations 
The stabilising effect of the windsock was a significant outcome of this part 
of the testing. The effect of the windsock in reducing the banner circle 
diameter, and consequently the velocity to near zero, is a major step 
forward in the work toward developing a delivery technique using the 
circularly towed tether. 
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5.2.4. Uninstrumented- Hand Flown Aircraft and 
Towed Tether with Uninstrumented Payload 
Introduction 
The next step in the staged series of experiments was to replace the 
banner with a towed payload of a size that would allow for later carriage of 
instrumentation. 
The objective was to identify a payload configuration that would be:  
light enough to be successfully towed 
large enough to house the instrumentation 
strong enough to protect the instrumentation package 
reasonably stable under towing conditions so as to not require active 
attitude control. 
During flight testing of pod 3, after one successful set-down/pick up 
manoeuvre, and during a second attempt, the tether tangled on a fence 
close to the model flying club runway. The resultant tension on the tether 
loaded down the release mechanism preventing tether release from the 
tow aircraft. The aircraft was destroyed in the ensuing crash. This led to an 
additional objective of creation of a release mechanism that would release 
under all expected load conditions.  
Experimental Configuration 
Considerable work has been done by others on the stability of towed 
objects [1, 36] This work by others indicated that a payload with active 
Page 5-161 
aerodynamic control would be required to eliminate motion during the high 
speed, straight tow portion of the flight envelope. 
The focus of the experimental program is primarily on the circular tow 
portion of the flight envelope. The writer took the view that a measure of 
uncontrolled motion of the payload could be accepted during the straight 
tow portion of the flight, as long as the payload motion was not excessive 
during the circular tow portion. 
There were two key factors considered: Weight and complexity. 
Active control would add weight that could not be accommodated at this 
scale of experiment. It would also add a level of complexity that was not 
warranted for the small benefit of “unvarying” data from the straight tow 
portion of the flight. 
For this reason, it was decided to rely on passive means of stabilising the 
payload. From literature review, the variables cited by other authors are: 
• Tether connection point with respect to the C of G and C of P of the 
payload. 
• Fixed fins at the rear of the payload 
• A streamlined body  
In the end, three payload configurations were trialled, with the third being 
acceptable for this stage of the program. These are shown in  Figure 5-17. 
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Figure 5-17  Experimental Payload Pods 
 
The first payload tested is in the centre. The second is on the left. The 
third and final configuration is on the right. This third pod was used for all 
subsequent towed payload testing. 
Physical size of the payload was determined by the size of the Micropilot 
MP2028g instrumentation/autopilot system, including batteries, data link 
and GPS antenna. A secondary consideration was available materials to 
allow quick, low cost construction. 
For the purposes of this stage of flight test, the MP2028g instrument 
package was not installed in any of the payloads. However, they were 
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ballasted with a mass, equivalent to the mass of the instrumentation 
package. 
Pod 1 was built from a 235mm long piece of PVC water pipe, with a wall 
thickness of 1.9 mm. This pipe is rigid. A nose cone was made from the 
base of a plastic 1 litre soft-drink bottle. Three triangular wooden fins, 
made from 2.6 mm 3 ply were fixed to 12mm aluminium angle brackets at 
the rear of the payload. The fins were each 47 cm2 in area. They were 
spaced equally around the circumference of the payload. A flat 0.2 mm 
thick aluminium plate was attached between the two top fins to provide a 
ground plane for the GPS antenna of the MP 2028g. Forward of this, on 
the top of the payload body, was an 8 cm long piece of 12mm angle 
aluminium. This was drilled at 1 cm intervals, to provide a variable attach 
point for the tether. The mass of this payload was 1300 gm. This 
configuration was found to be too heavy for the towing aircraft. 
Pod 2 was developed in an effort to minimise payload mass. It was made 
entirely from 50mm thick packing foam. The body consisted of two pieces 
each 100mm x 400mm x 50mm. 4 triangular fins of the same foam were 
attached to the rear of the body. Each fin was triangular, 100mm high x 
100mm long for side area of 50 cm2. The design concept was to use the 
drag of thick fins at the rear of the Payload to stabilise the payload during 
forward flight. The mass of this payload was 200 gm. This configuration 
while lightweight was too flexible to be useful. 
Pod 3 was developed as a compromise between the stiffness of Pod 1 and 
the light weight of pod 2. It was constructed from the body of a 1 litre 
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plastic soft-drink bottle. A piece of the construction toy Lego was used to 
make a nose cap. Three fins of packing foam were spaced equally around 
the rear of the payload body. These were each 50mm high by 60 mm long. 
The same tether mount as used for pod 1 was used for pod 3. As with pod 
1, a piece of Aluminium was used to provide a GPS antenna ground plane. 
A probe of 1/8in diam. brass tube was inserted in the nose to provide 
dynamic pressure for the airspeed sensor fitted later in the experimental 
program. The mass of this payload was 720 gm. 
Experimental Method 
There was no additional complexity in this stage of the experimental flying. 
The expected noticeable difference is aircraft performance due to the 
payload mass and drag was observed. 
Each payload was lifted using the techniques developed earlier in the 
program. Each was towed in a straight line to observe payload behaviour. 
The set-down/pick-up manoeuvre was then flown with each one. 
It became evident, on the first flight that a small diameter towing circle was 
essential during the pick-up and set-down manoeuvres. A small circle 
brought the tether to a near vertical state. This resulted in low horizontal 
velocity of the payload. Without this, the payload would have been 
dragged across the ground. 
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Results 
Pod 1 was seen to be too heavy immediately it was picked up after takeoff. 
The aircraft slowed markedly, and at full throttle was operating just above 
the stall. Straight tow behaviour of the payload was acceptable. However, 
it was noted that the payload descended sharply during the turns at the 
end of the straight runs. The same sharp descent was noted during the 
entry to the circle tow. The payload dropped quickly and moved to the 
centre of the towing circle at a larger tow circle diameter than was later 
observed with the other payloads. Set down was straight forward, with no 
difficulties encountered. However, it was noted that there was a tendency 
to “bounce” the payload on set down, because the aircraft climbed as soon 
as the tension came off the tether and snatched the payload back into the 
air. 
Pod 2 lifted easily. However, it was completely unusable in straight tow. 
The flexibility allowed the body to flex and straighten, resulting in 
uncontrolled movement of the payload. The payload tumbled, swung either 
side of the straight path behind the tow aircraft and also displayed large 
vertical motion. Set down and pick up were the same as for the windsock 
i.e. this was the easiest payload to pick-up and set-down, because of the 
low mass. 
Pod 3 lifted easily, it showed acceptable straight line stability and could be 
set down and picked up readily. There was some lateral and vertical 
motion observed during straight tow, but nothing that appeared at this 
stage to be problematic for later data capture activity. 
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It was found that a tow circle diameter of approx 50 m resulted in a 
payload circle diameter small enough for the payload to have low 
horizontal velocity – close to, but not quite, stationary. On several flights, 
the tow circle was not small enough and the payload was dragged. Two 
payloads were destroyed when this occurred. This led to some concern 
about the possible outcome when towing the instrumented payload. The 
potential for damage to the MP2028g package was substantial. 
An attempt was made to fly with both the windsock and the payload 
attached to the tether. It was expected that the demonstrated behaviour of 
the windsock, in reducing the towed banner circle diameter, would be 
duplicated for the payload circle diameter. This combination however 
proved to be beyond the performance capability of the towing aircraft. All 
subsequent tests with the payload were flown without tether modification. 
A further aircraft loss occurred in this series when the tether snagged on 
takeoff, despite the precautions previously mentioned. It was found that 
the load on the tether was too great for the release servo to actuate. This 
led to the design and construction of the release mechanism shown in 
Figure 5-18. This is similar in design to the tow hooks used for towing of 
full scale sailplanes. 
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Figure 5-18  Tether Release Mechanism 
Analysis 
There was no data to analyse in this section. 
Observations 
This stage of the experimental flight test program yielded a useable 
payload configuration that was carried forward through the later stages of 
the program. 
It also resulted in the development of a tether release mechanism that was 
fitted for all subsequent flying. 
Page 5-168 
Loss of altitude by the payload when transitioning from straight flight to 
circular was more rapid than had been expected from earlier observations 
of the change in height for change in payload mass. It is assumed that this 
is due to measurements being made of a system that has stabilised in 
circular motion. The small scale testing had not replicated the transition 
from straight to circular flight. 
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5.2.5. Instrumented Hand Flown Aircraft  
introduction 
The MP2028 instrument package was installed for the first time and flown 
in this stage of experimental flying. This yielded the first data from this 
experimental program. 
There were multiple objectives for this stage of the experimental program. 
Mount the components of the MP2028g system in the towing aircraft. 
Mount the telemetry system in the aircraft. 
Fly the system and review the data from the on-board log and the 
downlinked telemetry data. 
Appendix A contains a discussion of the MP2028g system components. 
The description in this section focuses on the installation of that system. 
Experimental Configuration 
The MP2028g is a combination sensor and computational package on a 
single Circuit Card Assembly (CCA). The card was mounted on a plywood 
plate that was rigidly fixed inside the fuselage. It was aligned with the 
longitudinal axis of the aircraft and levelled with reference to the 
longitudinal and lateral axes. See Figure 5-19. 
The CCA was shock mounted onto the plywood plate through small rubber 
mount pads to isolate the accelerometers from the engine vibrations. 
Some time was spent initially trying to provide crash protection for the 
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MP2028g. In the end, this was abandoned, as there was simply insufficient 
room in the aircraft. This, unfortunately, contributed to the loss of one 
system, in a crash later in the program. 
 
Figure 5-19  Micropilot MP2028g 
The MP2028g system has sensors that require the installation of additional 
components on the tow aircraft. 
These sensors are: 
• A pressure sensor for measuring the dynamic air pressure due 
to airspeed. 
• A pressure sensor for measuring the static air pressure due to 
altitude. 
• An Above Ground Level (AGL) sensor. 
• A GPS receiver for position determination. 
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The dynamic pressure sensor requires a probe placed clear of the 
disturbed airflow around the aircraft. The aircraft used has a single engine 
mounted in the nose. This dictates the mounting of a probe, on one wing, 
clear of the propeller wash and projecting far enough forward of the wing 
that the pick-up point is clear of the upwash air ahead of the wing.  
The probe used was a 1/8” diameter brass tube, mounted in a wooden 
housing under the Port wing. A 1/8” ID nylon tube ran from this probe, 
through the wooden mount, and inside the wing. At the inboard end of the 
wing, the tube emerges through a hole, conveniently placed to allow 
connecting the tube to the CCA mounted pressure sensor before the wing 
is attached to the fuselage. 
The static pressure sensor was fitted with a piece of 1/8 nylon tube 
running back to a port on the side of the fuselage, between the wing and 
the tailplane, in an area of reasonably undisturbed airflow. This is standard 
large aircraft practice. 
The AGL sensor consists of an electronic CCA and an ultrasonic 
transducer. The transducer was mounted on the bottom of the Starboard 
wing at the wing tip. This position was used to a) get the sensor as far as 
possible from the downward projecting undercarriage so that there was no 
risk of spurious reflections and b) to position the sensor as far as possible 
above ground when the aircraft was sitting on its wheels. Micropilot states 
that the AGL sensor should be a minimum of 8 inches above ground. The 
wingtip mount position allowed the sensor to just meet this requirement. 
(Mount position with uncompressed undercarriage was 8.1 inches above 
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ground. The wing dihedral raises the wing tip to this height). A 
signal/power cable from the Sensor ran through the wing to the fuselage. 
The CCA was mounted in the fuselage. The cable was connected to the 
CCA as the wing was installed for each flight. 
The CCA mounted GPS receiver requires an external antenna mounted 
with a clear view of the sky. Micropilot states a requirement for a minimum 
ground plane area of 4” x 4”. This was provided by a piece of tinplate 
mounted behind the wing. Considerable thought was given to the potential 
masking and loss of satellite reception possible at the high bank angles 
expected during the flight test. Several designs for an antenna pointing 
device were considered and rejected as too complex. Ultimately, it was 
decided to fly the system and review the data for evidence of satellite data 
loss. 
In addition, there is a telemetry system for data link to the ground. This 
required the mounting of a telemetry “modem” in the aircraft as well as the 
downlink antenna. The telemetry modem is another CCA. A small 
complicating factor was that the data output from the MP2028g CCA to the 
data link CCA is carried on the same cable that is used to download data 
from the MP2028g internal log after flight. Provision had to be made to 
bring the data cable outside the fuselage to allow access to onboard 
logger data without removing the wing, while also allowing connection of 
that same cable to the telemetry modem. A typical day of flight test could 
see 5 or 6 flights, resulting in a need to remove and replace the wing that 
many times, if this provision had not been made.  
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The MP2028g system can be installed as a data sensor package only, or 
as an autopilot. In the autopilot configuration the servo output from the RC 
receiver is input to the MP2028g. The MP2028g then outputs servo drive 
signals to the servos which drive the control surfaces. This second 
connection method allows measurement of actual servo positions. The first 
method of connection (sensor only) was used for early flights until 
confidence was gained in the operation and control of the MP2028g 
system. 
Although the telemetry system was installed and tested, it was not used for 
data collection during this phase of flying. All the data necessary for post 
flight analysis is contained in the on board data log file. However, that log 
file does not contain an absolute time mark. The telemetry data stream 
allows for transmittal and recording of a GPS absolute time. It was planned 
that this would be used during the later towing of an instrumented payload 
to allow synchronisation of data between the aircraft log and the payload 
log. However it was planned to activate the telemetry function at this stage 
to gain experience with its use and learn of any problems needing 
resolution before moving on to flying the instrumented payload pod. 
Experimental Method 
The first flights were simply for the purpose of gathering data to determine 
if the system was producing useable data.  
The flight plan was simple. Takeoff, fly several circuits, land and download 
the data. 
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One flight only was made on the first outing with the MP2028g installed. 
This immediately yielded useable data. This first flight did not have the 
telemetry link active, so data is from the on-board logger only. Later flights 
added the telemetry function and data was captured from both the on-
board logger and the telemetry log. 
Results 
The MP2028g on-board logger captures data for a Micropilot defined list of 
parameters. The data is captured 5 times per second. The telemetry 
system provides data for a different Micropilot defined list of parameters. 
Alternately, it allows capture of data for a user defined list of parameters. 
Micropilot provides a software tool, called Log Viewer, for retrieving and 
examining logged data from the MP2028g. This is described in greater 
detail in Appendix C. This tool supports both data download and data 
display. It does not have any data manipulation capacity for detailed data 
analysis. The downloaded data is stored in a TEXT file with the data fields 
space delimited. This file can be manipulated for data analysis using other 
software tools. 
This software tool was used to retrieve the data used for all of the data 
analysis. 
The data from this flight was used to establish aircraft parameters, which 
were used in later efforts to enable Autopilot controlled flight. 
• Takeoff, Climb, Cruise and Descent Airspeeds were measured. 
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• Takeoff and landing roll distances were measured. 
• Normal rates of climb and descent were measured. 
• Turn radius versus bank angle was measured and rate of turn 
(ROT) calculated. 
These values are tabulated below. Table 5-3  Flight Parameters. Later 
flights established stall speeds and response to control deflections 
Parameter Value 
Measured 
flight 1 
Value 
Averaged 
35 flights 
Takeoff speed 14 m/s 15 
Climb Speed 25 m/s 18 
Cruise Speed 20 m/s  25 
Descent Speed 20 m/s 15 
Stall Speed  11 
Takeoff Roll 15 m  
Landing Roll 35 m  
ROC (Rate of Climb) 4 m/s  
ROD (Rate of Descent) 2.5 m/s  
Turn Radius @ Bank Angle 40 deg 40 m  
ROT @ Bank Angle 25 deg 20 deg/sec  
Turn Radius @ Bank Angle 30 deg 60 m  
ROT @ Bank Angle 20 deg 15 deg/sec  
Table 5-3  Flight Parameters 
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Analysis 
The values of aircraft parameters, tabulated above, were obtained by 
reading the raw data from the Log Data Tab in the Log Viewer program. 
Segments of the flight, which were of interest, were identified on the 
Position panel on the Log Plots Tab. Times were established by placing 
the cursor on points of interest, as described above. These times were 
used to locate associated data in the data record. 
Measured Flight 1 data was taken from the first flight. The Averaged flights 
values are the average of data from 35 flights. 
The Log Viewer program is not useable for telemetry data log viewing, as 
the field sequence does not match. For reading this data, the telemetry 
text files were opened in Excel. The Excel Chart function was used to plot 
the data. 
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Observations 
Data and results presented above are for the initial flights of the 
instrumented aircraft. 
Multiple flights were made in this configuration, with the data reviewed 
after each flight, to assist the writer in improving the skill of flying controlled 
circles. 
Measured Takeoff, Approach to Landing and Stall speeds were used to 
configure the Micropilot autopilot function for later autopilot controlled 
flight. 
The data was particularly useful in evaluating the bank angle required, at 
different airspeeds, for a particular radius circle. The intent of gathering 
this data point was for later use in programming autopilot controlled 
circular towing attempts. 
There was one more flight made that was solely hand flown. Subsequent 
flights were made with the autopilot function enabled. These flights were 
made with portions of each flight being hand flown and portions being 
autopilot controlled. 
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5.2.6. Instrumented Autopilot Equipped Aircraft: No 
Tether 
Introduction 
As noted earlier, the MP2028g has an autopilot function intended for the 
control of small Unmanned Aerial Vehicles (UAV’s). As described in the 
Appendix, the autopilot is a basic PID type. While it is not documented by 
Micropilot, it appears that the autopilot follows the standard configuration 
of having outer loop and inner loop functions. PID gain values for the outer 
loop are modifiable by the user. From results achieved during the writer’s 
efforts to achieve controlled circular flight, it appears that there are inner 
loop values that are not accessible to the user. 
There was no change to the external physical configuration of the aircraft 
to enable the autopilot function. 
Internal wiring was changed to enable the autopilot function. 
The objective of the group of flights, conducted in this section, was two-
fold. 
• Learn how to program the Autopilot flight path function. 
• Develop a flight path plan that would provide circling flight 
suitable for the tether manoeuvre. 
 
Detail of the programming of the autopilot flight path is contained in the 
appendix. 
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In this section, examples will be provided of the particular flight paths 
programmed to provide circular flight. 
Four flight path programs are presented, to show results from the efforts 
made toward an automated circular flight path. 
These four flight paths are representative of the multiple flights made 
during this portion of the experimental program. 
Experimental Configuration 
The internal wiring changes required to enable the autopilot function were 
made by removing the servo leads from the receiver outputs. The servos 
were then plugged into the MP2028g outputs. The MP2028g inputs were 
plugged into the receiver outputs. 
There is an option of powering the receiver, MP2028g and servos from a 
single battery, or providing a 2nd battery to power the servos separately. 
This latter option was used. The safety margin provided by having lower 
current drain on the receiver/MP2028g battery was considered worth the 
weight penalty involved. 
The autopilot function was activated by selecting the channel 5 
(undercarriage) function on the radio. With the autopilot NOT activated, the 
system is termed (by Micropilot) as Pilot in Control (PIC). With the 
autopilot activated, the system is described by Micropilot as Computer in 
Control (CIC). The operator can switch between the two modes of 
operation at any time before or during flight. Autopilot controlled takeoff 
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and landing is possible but was not used by the writer. All flights were in 
PIC mode for takeoff and landing. 
Experimental Method 
The autopilot flight path is programmable. The operator defines a series of 
“waypoints” along the desired flight path, and required climb and descent 
manoeuvres. These are entered into a “FLY” file (Micropilot terminology) 
which is uploaded before flight into the MP2028g memory, using the 
Horizon Ground Control System (See Appendix). When the system is 
selected to Computer in Control (CIC) mode, the MP2028g begins 
following the defined flight path by controlling the aircraft attitude, direction 
and throttle. 
A series of flights were planned, beginning with simple straight line flight 
up and down the runway with a turn-around course reversal at each end. 
This progressed to flying around multiple waypoints, and various more 
complex flight paths for the circle flight path case. 
The sequence was the same for each flight: 
• Prepare the flight plan. 
• Test the flight plan on the Horizon simulator. 
• Upload the flight plan to the aircraft. 
• Make a PIC takeoff. 
• Select CIC and allow the aircraft to fly the defined flight plan. 
• Select PIC for landing. 
• Download data and use results in planning for the next flight. 
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This sequence would usually allow only one flight on each trip to the flying 
field. Each flight had to be oriented to prevailing winds, and so could not 
be programmed until at the flying field and observations were made of 
actual wind. Since flying required days of low wind (<10m/s), this often 
resulted in several weeks of delay between opportunities to proceed to the 
next step. 
The first efforts to achieve circular flights used a FLY file, with a set of 
waypoints arranged in a circle of the desired diameter. Two examples of 
this are shown in section 5.2.6. Following the failure of this technique to 
achieve the desired circular flight path, attempts were made to use fixed 
roll angle and constant yaw rate flight plans. An example of the results with 
the Fixed Roll angle FLY file is shown in section 5.2.6. Constant yaw rate 
flight failed to produce any useful result.  
Another method explored was to program the system to fly at a constant 
distance from a waypoint. It was found that the MP2028g did not have a 
useable parameter to support this approach. This was discussed with 
Micropilot, who were unable to offer an immediate solution. After the 
experimental program was concluded, Micropilot released a software 
version which added a Distance to Waypoint field to the user accessible 
data fields. The writer did not have the opportunity to explore the use of 
this field. 
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Results 
It was found during the initial flights that there was, at times, very poor 
performance in flying to waypoints. This was particularly noticed in the 
turn-around manoeuvres and in turns at a waypoint. This was found to be 
affected by the PID gains. This led to many flights being made to 
experimentally determine a set of PID gain values that would permit the 
desired circular flight path to be achieved. It also led to many hours of 
simulations, trying to understand the MP2028g behaviour. This was never 
fully achieved. 
Four examples are presented here, showing the results from trying to 
achieve controlled circular flight. In each case the FLY file is presented 
and the resultant flight path plot is shown. 
EXAMPLE 1. FOUR WAYPOINTS AT THE CORNERS OF A SQUARE 
 
This flight shows the recorded flight path for a set of waypoints set up in a 
square at the corners of the flying field. The waypoints were 100m apart. 
There were two flights in this series, with the FLY files for each 
reproduced. 
The instructions in this first FLY file are for the aircraft to takeoff, climb to 
100 m and then fly a pattern around four waypoints at the corners of a 
square, 100m a side. 
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// 100 m Square of waypoints 
metric 
takeoff 
climb 100 
waitclimb 50 
[wptReduceTurn]=0 
[maxAllowedRoll]=536  //max bank angle of 30 degrees 
flyTo (-50,-50) 
flyTo (-50,50) 
flyTo (50,50) 
flyTo (50,-50) 
repeat -4 
 
definepattern 0 
flyTo [home] 
circuit 
 
definepattern rcFailed 
flyTo [home] 
repeat -1 
 
Figure 5-20 shows the resultant flight path 
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Figure 5-20  Four Waypoints at the Corners of a Square 
This FLY file resulted in the aircraft flying around the waypoints in a 
clockwise direction. 
The aircraft failed to fly the expected square flight path. For the first portion 
of the flight, it flew a series of rough circles, gradually reducing in diameter 
to approx 360m diameter. As the aircraft completed the third circle, the 
throttle was manually decreased to slow the aircraft. The aircraft then flew 
the approximately triangular flight path with tighter turns  
EXAMPLE 2. WAYPOINTS IN A CIRCLE 
This example shows the results of a set of waypoints set up in a large 
circle. 
The FLY file for this flight set up a circle of waypoints at 115m radius. 
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The instructions in the FLY file are to takeoff, climb to 100 m, and then fly 
to a point (0, 200) which is 0 metres east and 200 metres north of the start 
point. After that, it follows the waypoints, in sequence, to fly a circle. The 
repeat -12 is an instruction to fly the previous twelve steps again. This then 
has the aircraft following the circular route until the pilot intervenes. 
// Circle North Radius=115m 
metric 
takeoff 
climb 100 
waitclimb 50 
 
[wptReduceTurn]=0 
[maxAllowedRoll]=536  //max bank angle of 30 degrees 
flyTo (0,200) 
flyTo (15,258) 
flyTo (58,300) 
flyTo (115,315) 
flyTo (173,300) 
flyTo (215,257) 
flyTo (230,200) 
flyTo (215,142) 
flyTo (172,100) 
flyTo (115,85) 
flyTo (57,101) 
flyTo (15,143) 
repeat -12 
 
definepattern 0 
flyTo [home] 
circuit 
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definepattern rcFailed 
flyTo [home] 
repeat -1 
The above FLY file results in flight in a clockwise direction. 
Figure 5-21 shows the resultant flight path. The dots on the figure are the 
waypoints for the flight path it was intended the aircraft would follow. The 
position trace clearly shows the aircraft to be travelling along a path 
approximating a circle, at around twice the target circle radius. The 
previously mentioned changes to PID values and bank angle limits failed 
to improve this performance. 
 
 
Figure 5-21  Waypoints in a115m Radius Circle 
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The intent had been to fly the 115 m radius circle and to DECREASE the 
circle radius. After the result shown above, it was decided to INCREASE 
the target circle radius to try to at least achieve a circular flight path 
following a target waypoint circle. 
 
EXAMPLE 3. WAYPOINTS IN A CIRCLE 
 
The FLY file for the second of these flights set up a circle of waypoints at 
200m radius. 
 
// Circle North 
metric 
takeoff 
climb 100 
waitclimb 50 
 
[wptReduceTurn]=0 
flyTo (0,200) 
flyTo (26,300) 
flyTo (100,373) 
flyTo (200,400) 
flyTo (300,373) 
flyTo (373,300) 
flyTo (400,200) 
flyTo (373,100) 
flyTo (300,26) 
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flyTo (200,0) 
flyTo (100,26) 
flyTo (26,100) 
repeat -12 
 
definepattern 0 
flyTo [home] 
circuit 
 
definepattern rcFailed 
flyTo [home] 
repeat -1 
 
 
The above FLY file results in flight in a clockwise direction. 
Figure 5-22 below shows the resultant flight path. The dots on the figure 
are the waypoints for the flight path it was intended the aircraft would 
follow. The aircraft circle diameter is closer to the waypoint circle, but still 
outside it. The flight commenced in zero wind conditions. As the aircraft 
was completing the first circle and starting on the second, a westerly wind 
estimated at 15 m/s began. 
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Figure 5-22 Waypoints in a 200 m Radius Circle 
 
 
A third flight was planned in this series. The flight commenced normally 
and then an unknown equipment failure resulted in the aircraft flying away. 
The aircraft, radio system, engine and MP2028g were lost. This set the 
test program back several months.  
In the above plots, it can be seen that the approximate circular path 
followed by the aircraft never came down to the diameter of the waypoint 
circles. Changes were made to the PID values and also to the bank angle 
limits in the MP2028g. None of these changes resulted in the diameter of 
the circle flown being close to the 50 m diameter needed for successful 
pick up and set down of the payload. 
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EXAMPLE 4. SINGLE WAYPOINT, FIXED ROLL ANGLE 
 
A second approach to this problem was to discard the circle of waypoints 
and instead to fix the roll angle of the aircraft. This was found to allow 
small circles to be flown.  
The following fly file was used to set a fixed roll angle. 
 
// CircleSouth 
imperial 
takeoff 
climb 300 
flyto (0,-500) 
setcontrol rollOff,-804 
wait 8 
setcontrol rollFromHdg,135 
wait 50 
setcontrol rollOff,804 
wait 32 
setcontrol rollFromHdg, -45 
wait 5 
setcontrol rollOff,800 
wait 8 
flyto (100,-500) 
fromTo (100,0) 
setcontrol rollOff,804 
[descentRate]=100 
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climb 150 
waitclimb 150 
wait 150 
setcontrol rollOff,804 
climb 300 
waitclimb 300 
[descentRate]=2200 
Circuit 
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In the above FLY file, the setcontrol rollOff, 804 lines instruct the MP2028g 
to fly a fixed bank angle of 45 deg. (804 is the equivalent Micropilot 
machine units to 45 deg). 
The wait lines instruct a pause, before the next instruction is followed, for 
the count of 0.2 sec increments, indicated by the number e.g. wait 32 
indicates to do nothing for 4 seconds. 
The takeoff was in PIC mode. CIC mode was engaged during climb out. 
Steps 2 through 11 are instructions to fly a procedure turn to bring the 
aircraft, from the south, back toward a waypoint at 100,0. 
At this point, step 15 sets a fixed bank angle and step 16 instructs the 
aircraft to descend, at a rate of 100 fpm, to an altitude of 150 ft (step 17), 
to circle at 150 ft for 18.75 secs and then to climb to 300 ft. 
 
Figure 5-23 shows a portion of the flight path for this FLY file. 
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Figure 5-23  Fixed Roll Angle Circle 
 
After a PIC takeoff, CIC was enabled. The first part of the flight plan 
worked correctly and the aircraft entered the 45 deg banked descending 
circle at a 45 deg bank angle at the target waypoint. This resulted in a 
circle diameter of 100m. (This was better than achieved with a waypoint 
circle FLY file). However after 1 turn, the aircraft rolled out of the turn 
slightly, and began a steeper descent to below the target altitude of 150 ft. 
Recovery was effected by switching to PIC mode at 12 ft altitude and the 
aircraft was flown manually, from that point, through to landing. 
The aircraft entered the 45 deg bank angle, descending turn, at 82 
seconds after takeoff. It flew one 360 deg turn, completing that turn at 102 
secs. It then rolled out of that turn slightly. Logged data shows that the 
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bank angle decreased to around 28 deg. Over the next 20 secs, while 
maintaining the same bank angle, the descent rate increased. PIC mode 
was engaged at 119 secs. 
This scenario was repeated on multiple flights with different fixed bank 
angles. On each occasion, the first turn was nominally correct, but then the 
aircraft deviated from the planned flight path.  
The writer was unsuccessful, in all attempts to progress beyond this point, 
in attempting to automate the circular flight path. 
Extensive discussions with Micropilot did not result in any useful 
information. The writer suspects that changes necessary to achieve 
controlled flight at small turns would require adjusting inner loop 
parameters in a proprietary area of the MP2028 design. Micropilot would 
be understandably reluctant to release information necessary to allow this.  
It should be noted that the system was entirely successful at flying 
patterns with larger separation between waypoints. E.g. it would 
successfully fly a square with ½ km sides around 4 waypoints. 
Analysis 
The analysis, carried out in this section, was all done from direct reading of 
the data in the Log Viewer and inspection of the Log Viewer plots. 
The substantial deviation of the aircraft from the planned flight path was 
unexpected. Considerable effort was expended by the writer in trying to 
improve this performance. 
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Analysis of the logged data showed some surprising features. 
The first of these was seen in the roll plot. Figure 5-24 shows a portion of 
the roll plot from the EXAMPLE 1 flight. This is from the period when the 
flight path was (very roughly) triangular. 
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Figure 5-24  Plot of Roll Angle Oscillation 
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The plot of Target Roll, Aileron Position and Current Roll angle shows a 
periodic oscillation. The period was not exact for each cycle. It varied 
around a nominal 10 secs per cycle.  
Of significance is that the recorded oscillation in actual roll was not visible 
from the ground. The MP2028g was recording a roll angle oscillating 
between 30 deg and 6 deg in the plot above. Roll changes of this 
magnitude would have been clearly visible to the pilot. 
The oscillation is suggestive of a PID loop or loops with Gains incorrectly 
set. The Micropilot system makes extensive use of PID’s. 
In EXAMPLE 1, for the phase of flight captured in these roll plots, the 
ROLL FROM HEADING loop is active. This loop generates the input to the 
AILERON FROM ROLL loop. The result for the airframe is that the ailerons 
cause a ROLL, which would be captured and recorded in the Current Roll 
plot above. 
This oscillation was seen in ALL roll plots from the multiple flights made. 
The magnitudes and periods varied, but there was always a roll oscillation. 
There was a pitch oscillation also seen in the data. 
Figure 5-25 shows the Altitude and Current Roll during the landing phase 
of a typical flight. The darker plot is the Current Roll plot. The lighter one is 
altitude. Altitude decreases to zero over the last 7 secs. In the last 4 
seconds before touchdown at 325 seconds, the Current Roll recorded 
goes from 3.3 deg to -32 deg and back to -16.5 deg. A roll angle of 16.5 
deg at touchdown would have resulted in dragging the low wing. The 
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actual final approach segment and landing was observed to be wings 
level. 
The aircraft was stationary at 330 secs, picked up by the pilot at 379 secs 
and hand carried to the pits area. It was carried in a wings level state. 
Current roll was recorded as increasing to -50.4 degrees during the time 
that the aircraft was being carried. 
A decaying Roll oscillation can be seen in the roll plot after the aircraft 
became stationary, with the oscillation starting again when the aircraft was 
picked up. A steady state roll offset of 2.9 deg is seen after the Current 
Roll stabilises. 
Similar oscillation and offset can be seen in the pitch plot from the same 
period for the same flight. See Figure 5-26. Pitch excursions of 20 deg are 
seen in the Current Pitch during the final stage of the flight, including a 
Nose Down pitch of 18 deg at touchdown. The actual pitch observed by 
the pilot was a nose up attitude, with the main wheels touching the ground 
before the nose wheel. 18 deg nose down would have resulted in the 
Propeller striking the ground first. This type of clear discrepancy between 
observed and recorded behaviour was found at many points in the logged 
Pitch and Roll data for the aircraft. It did not appear in the Position data. 
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Figure 5-25  Roll During Landing 
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Figure 5-26  Pitch During Landing 
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Figure 5-27  Roll During Fixed Roll Angle Flight 
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The third plot, again a roll plot, is from the EXAMPLE 4 flight. It was recorded 
during the Fixed Roll portion of the flight, when the aircraft entered an 
uncommanded descent with an uncommanded change in roll attitude, and 
required pilot intervention to recover. The observed change in roll angle is not 
evident in this data.  See Figure 5-27.  
Of interest is the saturating of the Target Roll at several points. There is no 
mention of this possibility in the Micropilot literature. 
The discrepancy between observed and the recorded current pitch and roll 
magnitudes, the oscillations in recorded data that is not evident in actual 
aircraft motion, plus the decaying offset after the aircraft becomes stationary, 
indicate that there is some heavy filtering of the pitch and roll gyro outputs 
applied by Micropilot. 
It is the writer’s assumption that the filtering is based on a presumed long 
term straight and level state of the aircraft. The attempts to create a steady 
state high bank angle situation appears to result in unplanned saturation of 
the Target Roll output of the Roll from Heading PID loop. There appears to 
perhaps be a time limit beyond which it cannot maintain the steep bank 
angles required for the experimental flying. 
The cause of this behaviour was never actually determined. Efforts to do so 
were distracting from the main purposes of the program, so a decision was 
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made to set aside the efforts to achieve autopilot controlled flight as a future 
project. 
 
Observations 
It was found that, if no FLY file was uploaded, CIC mode would still work. In 
this case, the system would operate as a basic stability controller. While not 
used extensively in this portion of the test program, it was noted as a feature 
that would be useful if it became possible later in the test program to 
incorporate active stability control of the towed Payload. 
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5.2.7. Instrumented Aircraft with Instrumented Payload 
Introduction 
The original experimental plan had been to conduct all flights using an 
instrumented payload with the towing aircraft under autopilot control. The 
inability to achieve auto-controlled flight at the small turn radius, high bank 
angle required forced the writer to hand control the flights in this section of the 
program. This led to less accuracy than had been desired in the control of the 
tow aircraft flight path.  
The objective of this stage of experimental flying was to record data for the 
pickup, straight tow, circling tow and set down manoeuvres, from both the 
towing aircraft and the towed payload. 
Despite this setback, this portion of the test program was successful in 
yielding useable data and new discoveries. It was also, personally, the most 
rewarding for the writer. 
Experimental Configuration 
The experimental setup was an incremental step from the previous towing of 
an un-instrumented payload. The un-instrumented payload had been 
ballasted to the same mass as an instrumented payload. The earlier flying 
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with the un-instrumented payload had given confidence that the instrumented 
payload could be successfully picked up, towed and set down. The only 
uncertainty was whether the manual control of the towing aircraft could be 
such as to result in low vertical velocity of the descending payload during set 
down manoeuvres. 
It was planned that the telemetry package would be used to allow for 
synchronisation of the data between towing aircraft and the payload during 
post flight analysis. 
The experimental setup was thus: 
 
• The instrumented aircraft as previously used. 
• The 200m tether previously used. 
• The payload previously used. The ballast was removed and 
replaced with the MP2028g, battery and telemetry system. 
 
Initial flights were made in “zero” wind conditions, but later flights were 
conducted in higher wind conditions, to gather data on the effect of wind on 
the pick-up and set-down of the payload. 
Figure 5-28  shows the complete system planned for use in this stage of 
experimentation. 
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Figure 5-28  Planned Test Platform System Diagram 
Figure 5-28 includes two elements planned but not used in the current test 
program. These are provisions for the next stage in an on-going program. A 
larger aircraft shall be used allowing towing of a larger payload, on a longer 
tether. It will also allow the carrying of a winch to allow carrying the payload 
aloft in the aircraft rather than having to fly the pickup manoeuvre. Work by 
others in the experimental team has also indicated that control of the payload 
position can be augmented by controlling the tension of the tether during the 
circular tow portion of the flight. 
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Provision has been made for active aerodynamic control of the payload. This 
is shown by the SERVOS block, to the right of the PAYLOAD block. 
The MP2028g has provision to allow control of additional sensors and loads. 
Special software packages can be written and embedded in the flight control 
package. It is intended that the winch control will be implemented in this 
fashion. 
Experimental Method 
For each flight, it was planned to fly a simple oval pattern and then move to 
the circling tow path, with decreasing altitude to set the payload on the 
ground. Multiple pickup/set down manoeuvres could be flown on a single 
flight. 
All flying for this stage of the program was carried out at a flying club with two 
intersecting runways. This provided a large clear space at the runway 
intersection, where the pickup and set down manoeuvres could be carried 
out. 
The oval flight path would be runway aligned, so that the straight legs were 
heading into or with the prevailing wind. The upwind legs would be flown 
along the edge of the runway. The initial pick-up would be made from the 
upwind end of the runway, at the point where the takeoff roll of the aircraft 
commenced. Subsequent set-down and pick-up manoeuvres would be flown 
Page 5-209 
at the runway intersection, with the aircraft circular path centred on the edge 
of the runway. 
 
Results 
A significant first outcome of this stage of testing was the failure of the 
telemetry system. While each of the aircraft and payload system would 
function normally on their own, when the two were run in proximity at the 
same time, one or the other would fail.  
The systems could be set to any one of the channels in the 2.4 GHz operating 
band. A number of different channel combinations were tried without success. 
This created some difficulty in synchronising the aircraft and payload logged 
data, since it had been intended to use the downlinked GPS time as the 
synchronising marker. The method used to overcome this is discussed in the 
analysis section. 
Multiple flights were flown, with some setbacks. One aircraft was lost when 
the tether became entangled in long grass close to the runway. Before 
realising what was happening, the tether had tightened and pulled the aircraft 
nose down. This resulted in a sideways pull on the release mechanism 
instead of in-line. This prevented release of the tether, and the aircraft was 
dragged into the ground. The last recorded longitudinal acceleration retrieved 
from the Micropilot system was 50 g at the moment of impact. The plane and 
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the Micropilot system were damaged beyond repair. This event led to moving 
the release aft, to ensure that tether tension would always pull the tail of the 
aircraft in line with the tether, ensuring that release could occur. 
There were multiple flights yielding data from the circular tow. Several of 
these are highlighted in this section. 
The data has had to be manipulated to combine aircraft data and payload 
data onto the one plot. 
The position plots show distance from the point at which the data logging for 
the Payload began.  
The presentation of the plots also alters because the data presentation is now 
from EXCEL rather than from the Micropilot Log Viewer. 
Two significant flights will be presented first. These two flights show the major 
outcomes of this portion of the test program. 
 
EXAMPLE 1 
The plots of the first of these flights is shown in Figure 5-29 and Figure 5-30. 
This shows a flight under ideal conditions with an experienced pilot. (Far more 
skilful than the writer) It was one of the few times when a calm day coincided 
with the availability of a pilot. 
Page 5-211 
The data, from which this figure was plotted, is for the first two laps of the 
towing aircraft and the pickup and transition to tow of the payload. The data 
plot for the payload has some breaks and it concludes before the end of the 
flight. The actual flight concluded with a successful set down. However, it was 
found during data retrieval, that the battery had failed during the flight and 
only a partial record had been made. This was most disappointing, as this 
flight was the most successful of all those conducted, in terms of combining 
all the elements of the program. Data for the towing aircraft from the rest of 
the flight was not incorporated in this plot, past the time at which the payload 
plot terminated. 
The aircraft and the payload motion is in an anti-clockwise direction in Figure 
5-29. 
The aircraft plot begins at 580 ft West, 20 ft North. This is the point where the 
payload was lifted. Up to this point the aircraft had been circling, at a diameter 
of 200m. The closely spaced points in the payload plot correspond to the 
major motion of the payload having a larger vertical than horizontal 
component initially. 
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Figure 5-29  Combined Plot of Aircraft and Payload Position Data 
The altitudes of the towing aircraft and of the payload are shown in Figure 
5-30. When the data is time synchronised it is possible to relate the altitude 
and position plots. 
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Figure 5-30  Plot of Aircraft and Payload Altitudes 
 
EXAMPLE 2 
The Plots of portions of the 2nd flight of interest are shown in Figure 5-31. 
These plots are from a flight on a windy day. The wind was of sufficient 
strength that it pushed the payload outside the towing circle of the aircraft. 
The writer has been unable to find any literature dealing with this scenario. 
The first plot, Figure 5-31, shows two complete orbits of the aircraft and the 
corresponding two orbits of the payload. 
The second plot, Figure 5-34, shows the altitude of the aircraft and the 
payload during the same time period. 
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The position plot, Figure 5-31, shows the aircraft making a large orbit followed 
by a small orbit with the payload following suit. 
  
Figure 5-31 Position Plot for Flight in strong Cross Wind 
A more detailed study of the position data led to the discovery of unexpected 
payload motion. Figure 5-32 is a time stamped plot of the aircraft position. 
Figure 5-33 is a time stamped plot of the payload position. 
When the two are compared side by side, it is seen that the aircraft followed 
an anti clockwise path, while the payload followed a clockwise. This direction 
reversal was not seen in data from flights conducted on light wind days. It 
was, however, subsequently found when reviewing data from other flights on 
windy days. 
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Figure 5-32  Plot of Aircraft Position 
 
Figure 5-33  Plot of Payload Position 
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A further unexpected behaviour was noted in studying the altitude data from 
the same flight. 
Figure 5-34 shows the altitudes of the aircraft and the payload. 
 
Figure 5-34 Tow Aircraft and Payload altitude on Windy Day 
The aircraft altitude, while not constant, varies by only 20 m over the first 20 
secs. In the same period, the payload altitude varies by almost 60 m and is 
not in sync with changes in aircraft altitude. 
The same flight also provided further data for the pick-up and set-down 
manoeuvres.  
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The position plot, in Figure 5-35, shows the aircraft and payload position 
during a set down manoeuvre. Of interest is that the aircraft carried out less 
than one complete orbit. The altitude plot for this flight showed a “soft” 
touchdown of the payload with the vertical speed decaying just prior to set 
down. 
 
  
Figure 5-35  Plot of Aircraft Position and Payload Position during Pickup and Setdown 
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Analysis 
DATA COMBINATION 
The Micropilot Log Viewer program does not support the combining of data 
from the payload and the tow aircraft. Single files are produced by each and it 
was necessary to manually combine the data into one file, to allow 
comparison of the aircraft motion and the payload motion. 
The log files, both from the onboard data logger and the telemetry log, are 
space delimited text files. One single line of data is recorded each 0.2 
seconds. 
Since the log files are delimited text files, it was a simple task to import the 
data into EXCEL. Data manipulation was then straight forward, to create 
paired columns of ircraft and payload data for side by side comparison and 
plotting. 
The writer found that the data could best be interpreted when split into 
segments of interest. E.g., the aircraft and payload path across the ground 
during one circle. The combined EXCEL file supported this. It became a 
process of identifying points of interest on the Micropilot Log Viewer plots, and 
using that tool to locate the time point that would allow finding the matching 
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data in the combined data file. Several significant plots are introduced in the 
results section above. 
 
DATA SYNCHRONISATION 
As noted in the results section above, an obstacle was encountered with the 
failure of the tow telemetry systems to work in tandem. In order for the data to 
be synchronised to allow valid comparison, it was necessary to find another 
method of establishing a fixed point in the data file pairs from the aircraft and 
the payload.  
The Micropilot log does not start recording data until the GPS shows that the 
MP2028g has moved horizontally. Since the aircraft takeoff occurs up to 30 
secs before the payload is picked up, the start of the individual log files cannot 
be used as a synchronising point. On several flights, the pickup motion of the 
payload had so little horizontal motion, that the first data point occurs with the 
payload 10m above ground. 
The other easily accessible fixed point is the end of the data record. By 
switching both MP2028g’s off at the identical time, the end point of the data 
files could be brought into coincidence. The writer had no means of 
determining if this turn off always occurred in the identical 0.2 sec logging 
period on both files. However it was considered that a 0.2 sec shift in data 
would not be significant. One result of this technique is that the aircraft log file 
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has data at the beginning and end for periods when the payload is stationary. 
Thus, another part of the data combination is to discard those intervals from 
the aircraft log data. 
DATA COMPARISON 
For the purposes of this part of the experimental program, where the 
emphasis is on developing the data collection tool, there has been no attempt 
to analyse the data deeply. A simple data comparison from the raw EXCEL 
data has been made to learn the significant lessons to allow progress to a 
later stage of experimentation at a larger scale than this series. Detailed data 
analysis has been left to others in the project team. 
It was found that this simple method led to some significant findings as noted 
in the Observations section below. 
 
Observations 
There were several outcomes from this stage of testing. These included 
findings that have not been previously documented in published literature. 
The first significant outcome of this stage of testing was the collection of real 
data from the towing aircraft and the towed payload during pick-up and set-
down of the payload. To date, the writer has been unable to find any 
published work where such data collection has been achieved. Thus, the work 
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to date has provided a block of data that can be used for deeper analysis. 
Future work will be more flying to gather a larger block of data under a variety 
of payload, tether and wind conditions. 
The second result was the successful pick-up and set-down while hand-flying 
the tow aircraft. It had been anticipated that the control accuracy required 
would be beyond what could be achieved manually by a pilot with average 
flying skills, and that an autopilot controlled tow aircraft would be required. 
This was not the case. This suggests that it may be feasible to carry out this 
procedure at full scale under visual conditions. It is still anticipated that 
autopilot control will be required in low visibility conditions. 
An interesting discovery was the de-coupling of the aircraft motion from the 
payload motion. The experimental data showed that quite large changes in 
the motion of the tow aircraft were not reflected in motion of the payload. 
Much more work needs to be carried out on this, to evaluate the practical 
limits of towing aircraft motion. 
A further discovery was that it is practical to set down the payload during a 
single circle of the towing aircraft. Coming into this project, the understanding 
was that it would take several turns of the aircraft to achieve payload set-
down. This needs to be explored further to fully map out the payload descent 
rate and vertical speed at touchdown. This may lead to different set-down 
techniques for robust loads versus fragile loads. A fragile load could require a 
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multi turn set-down, while a robust load could perhaps be set-down with a half 
turn of the towing aircraft. 
As noted earlier in the discussion section, all published work to date has 
assumed zero or near zero wind conditions. The author deliberately made 
several flights in strong winds. This resulted in the payload being pushed 
outside the path of the circling aircraft. There were two unexpected 
consequences of this. 
Firstly. On some, not all, flights it led to a reversal in the direction of rotation 
around the “circle” of the payload by comparison to that followed by the 
aircraft. Similar phenomena had been observed and commented upon in the 
earlier towing of a banner, when under the right circumstances the towed 
banner was seen to move in a direction opposite to the direction of aircraft 
motion. 
Secondly. It was found that there was considerable vertical motion induced in 
the payload. This appears to be due to tether tension changes as the aircraft 
flies toward and away from the payload. While the limits are to be determined, 
this suggests that there is a practical limit to the allowable wind, beyond which 
successful pickup and/or set-down might not be possible. 
5.2.8. Full Scale aircraft, hand flown, non instrumented 
Introduction 
This was the final test in this experimental series. 
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The author had access to an antique aircraft suited to this stage of 
experimentation. The aircraft has a light wing loading, leading to a low stalling 
speed, allowing it to fly slowly.  
Experimental Configuration 
The aircraft, a 1946 antique Aeronca 11AC, shown in Figure 5-36 below, was 
fitted with a manually operated winch in the cabin. On the winch was wound 
500 metres of 3mm diam. Spectra line. The line ran from the winch out to a 
pulley on the wing strut and from there to the attach point to the windsock 
used in the stage 2 experimental flying. 
The location of the pulley 3 metres from the cabin, placed the tether attach 
point outside the high turbulence zone of air around the fuselage, as 
discussed in the paper by Phillips.[35] It also removed the possibility of the 
payload striking the tail of the aircraft during deployment. 
The pilot and a winch operator/observer/ camera operator crewed the aircraft. 
There was no instrumentation fitted to provide data gathering. All results are 
based on observation only. 
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Figure 5-36 Experimental Aircraft with Mounted Instrumentation Pod 
Figure 5-36 shows the instrumentation pod temporarily mounted on the struts 
of the Port wing. The mount point was subsequently moved to the Starboard 
wing to provide better visibility to the observer. 
 
Experimental Method 
The experiment planned was for deployment of the windsock and tether 
followed by a series of continuous 360 deg turns at differing airspeeds and 
bank angles leading to changes in the radius of the towing circle. Visual 
observation of the windsock would be made under each of the planned flight 
conditions 
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The following table shows the calculated tow circle radius for each of the  
planned experiment points. Since all instrumentation in the aircraft is in 
statute measurements, the table is also in statute. The next table is the same 
data converted to metric. 
The towing speeds have a lower bound set be the safety margin above the 
stall speed of the aircraft. The experiment values are chosen as values which 
are easily flown against index marks on the flight instruments (Airspeed 
indicator marked in 5 knot increments. Horizon marked in 10 deg increments) 
     Air Speed 
Bank Angle 
45 kts 50 kts 55 kts 
15 deg 675 ft 830 ft 1010 ft 
30 deg 310 ft 385 ft 470 ft 
45 deg 180 ft 335 ft 270 ft 
Table 5-4 Tow Circle Radius (ft) vs. Bank Angle and Airspeed 
     Air Speed 
Bank Angle 
23.2 m/s 25.8 m/s 28.3 m/s 
15 deg 206 m 253 m 308 m 
30 deg 94.6 m 117 m 143 m 
45 deg 54.9 m 68.6 m 82.4 m 
Table 5-5  Tow Circle Radius (m) vs Bank Angle and AirSpeed 
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Takeoff was made with the tether fully retracted and the windsock trailing at 
the wing mounted pulley. Takeoff was normal with no apparent effect from the 
drag of the windsock. 
Once a safe altitude had been reached (4500 ft AGL) the brake on the winch 
was released and the tether paid out under the force of windsock drag while 
the aircraft was flying in a straight line at constant altitude and constant 
airspeed of 55 kts. The drag was estimated by manually restraining the line. 
Both the pilot and the observer estimated the load and agreed it to be around 
20 kgm. There was no noticeable effect of this drag acting on one side of the 
aircraft only 
Once the tether was fully deployed the first of the planned turns was 
commenced. 
Results And Observations 
During deployment of the tether with attached windsock, the behaviour of the 
tether close to the aircraft was carefully monitored for any signs of instability. 
There was no evidence of either whipping motion or bungee mode. 
With the tether fully deployed and at a bank angle of 15 degrees with an 
airspeed of 55 kts/28.3 m/s the windsock was observed to be trailing the 
aircraft by approximately 90 degrees. Relative height was difficult to assess 
but it was estimated that the windsock was around 20 meters below the plane 
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of the aircraft circle. Motion of the windsock was smooth. There was no 
appearance of turbulent airflow past the windsock. 
Figure 5-37 is a photograph of the tether immediately behind the aircraft wing.  
The tip of the tailplane is visible at the right centre of the photo. 
The windsock is located just to the left of the head of the arrow. 
 
Figure 5-37 Bank Angle 15 deg. Airspeed 55 Kts. Windsock lag  approx 90 deg 
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The bank angle was then increased of 30 degrees with the airspeed held 
constant at 55 kts. The resultant tow circle radius decreased and the 
windsock moved to a position where it was lagging approximately 200 deg 
behind the aircraft, and an estimated 100 m below the aircraft. In Figure 5-38 
the bottom of the wing is horizontal fore and aft, and with that as a reference 
the windsock can be seen to be at an angle of about 15 deg to the horizontal, 
this indicates that the tether is angling downward   
Figure 5-38 Bank Angle 30 deg. Airspeed 55 Kts. Windsock lag  approx 300 deg 
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The bank angle was then increased to 45 deg with the airspeed at 55 kts. 
This brought the windsock around to a lag angle of around 300 deg and 
placed it an estimated 200 m below the aircraft. 
 
Figure 5-39 Bank Angle 45 deg. Airspeed 55 Kts. Windsock lag  approx 300 deg 
Finally the bank angle was increased briefly to 60 degrees with airspeed 
dropping slightly from the extra drag to just over 50 kts. This brought the 
windsock around to approximately 330 deg. There was a noticeable shift 
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toward the centre of the circle and a perceptible foreshortening of the 
windsock as it dipped more away from the horizontal.  
At this point the windsock was estimated to be approximately 350 meters 
below the aircraft. 
 
Figure 5-40 Bank Angle 60 deg. Airspeed 50 Kts. Windsock lag  approx 330 deg 
More time had elapsed than had been planned for and most of the fuel in the 
aircraft had been consumed. The planned further testing of fixed bank angle 
with changing airspeed was not accomplished. 
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It is planned to continue on to full scale testing with both the aircraft and a 
payload pod instrumented to gather actual, rather than estimated, data points. 
This testing is planned to include more detailed evaluation of the tether drag 
parameter on tether behaviour. 
Observations 
There was a tendency, while watching the tether, to overbank the aircraft, 
resulting in reduced margin above the stall. This is a definite safety issue. 
Stable position of the windsock relative to the aircraft was easily maintained 
when the aircraft was allowed to drift with the wind. It became virtually 
impossible when trying to maintain the aircraft in a referenced to a fixed 
position on the ground. 
Analysis 
This flight clearly demonstrated the effect on the towed payload of decreasing 
the radius of the towing circle, although there was no data collected to support 
detailed analysis. 
An approximation can be made based on simple geometry. 
Table 5-5 shows the tow circle radius for a range of airspeeds and bank 
angles. For each of the bank angles a tow circle circumference can be 
calculated and the length of the 500m tether as a fraction of that 
circumference gives a rough approximation of the lag in degrees of the 
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payload behind the aircraft assuming the altitude of the windsock remains the 
same as that of the towing aircraft. 
The results are tabulated in Table 5-6 below. 
 45 Kts 50 Kts 55 Kts 
15 deg 139 deg 113 deg 93 deg 
30 deg 303 deg 245 deg 200 deg 
45 deg 522 deg 417 deg 347 deg 
Table 5-6 Payload "Lag" in degrees 
The expected position based on simple geometry is in agreement with the 
observed position for the 55 knot, 15 deg bank and 30 deg bank circles.  
For the 45 deg bank the geometric lag is calculated at 347 deg, while the 
observed lag was only 300 deg, a difference of 47 deg.. This can be attributed 
to the altitude being less than that of the aircraft. indicating that allowance 
must be made for the tether having an increasing vertical component as the 
free end lags further behind the aircraft. 
Again, a simple geometric calculation for the length of an arc subtending 47 
deg on a circle of 82.4 m radius (for the 45 deg bank angle case) leads to an 
approximation for the distance of the payload below the plane of the circling 
aircraft as 250 m. This accords well with the estimate of 200m made from 
visual observation. 
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Repeating for the final case of the momentary 60 deg bank, which leads to a 
circle radius of 47m, the approximate distance of the payload below the 
aircraft calculates out to 376 m. Again, this accords well with the estimated 
350 m from visual observation.  
A further series of calculations can be made to estimate the radius of the 
towed windsock circle. An earlier experiment, described at section 4.7, which 
studied End Circle Diameter Vs Tether Length showed asymptotic approach 
to an End Circle Diameter that was 10% of the Tow Circle Diameter as tether 
length increased. 
The earlier results indicated that this approach would be within 10% of the 
towed circle diameter for the Ratio of L/R > 6.0 
An estimate can be made of the towed circle radius for the full scale 
experiment by careful analysis of the photos found at Figure 5-38, Figure 5-39 
and Figure 5-40. 
Knowing the dimensions of the towing aircraft, an approximation of the 
depression angle of the windsock below the wing can be calculated, based on 
the apparent distance of the windsock along the wing strut visible in the three 
referenced photos. Geometric construction provides the angle below the 
horizontal from the aircraft to the windsock by adding the bank angle to the 
approximate angle below the wing calculated in the above step. 
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 Knowledge of the Towing Circle radius and the tether length then allows an 
approximate Towed Circle to be calculated. 
The calculation for this process is shown in the appendix at Figure 0-1. 
The results of this calculation for the three data points available from the 
photographs are plotted in Figure 5-41 for the Radius of the Towed Circle as 
a percentage of that of the Towing Circle. 
 
 
Figure 5-41 Towed Circle Radius Vs L/R 
Outcomes 
Dependence of towed payload position on the radius of the towing circle was 
clearly demonstrated. 
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The result here reinforces that found in experiment 4-7 where the towed 
payload circle radius approaches asymptotically to 10% of the towing circle 
radius as the ratio of L/R exceeds 6. 
A significant observation was made during the flight described in this section 
of the difficulty in guiding the aircraft while watching the payload, below and 
ahead of the aircraft. There is a marked tendency to continue increasing the 
bank angle up to and perhaps beyond the stall Angle of Attack. As has been 
noted in the parallel case of helicopters with slung loads, it is preferable that 
the pilot does not observe the payload, but instead is guided by either aural 
commands from an observer or by a flight command instrument. Such 
command instrumentation leads naturally to an autopilot coupled control 
strategy. 
A second observation was made of the effect of a low velocity wind. Wind 
strength on the day of the flight described here was approximately 10 knots 
(5.15 m/S). The author found it easy to maintain the circular path of the 
aircraft with respect to the air while drifting downwind. This consistency was 
recognized by flying continually in the slight turbulence from the wake of the 
aircraft created one full circle prior. Since the tether and windsock were in 
close proximity to the aircraft and largely experiencing identical wind as the 
aircraft, the position of the windsock with respect to the aircraft was basically 
fixed for a particular airspeed and bank angle of the towing aircraft. It was a 
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simple task to make small changes to aircraft bank angle or velocity and 
achieve small controlled changes in windsock position relative to the aircraft. 
Attempts to fly the aircraft in a circle referenced to a fixed point on the ground 
resulted in almost complete loss of control of the windsock position. With no 
guidance for the pilot it was virtually impossible to fly a constant circle. It 
would appear to be a substantial skill development to master control of 
windsock position relative to the ground, as is required for an effective 
payload delivery and retrieval system. The task would be even more 
complicated by fluctuations in wind position and velocity. Since wind strength 
is continually varying as is wind direction this makes reliance on pilot skill for 
windsock positioning a challenge. Again, this suggests the desirability of 
command instrumentation and a coupled autopilot. 
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6.  
 6. CONCLUSIONS / FUTURE WORK 
 
During the experimental program described in this Thesis, 
there was good correlation between experimental results 
and analytic and modelling predictions. There were also 
some significant findings made, of phenomena not 
previously reported in academic literature. 
Sufficient results were achieved to answer the Research 
Questions in the affirmative.  
Conclusions are drawn and followed by discussion of 
possible further work guided by the findings made. 
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6.1. Summary Of Thesis 
The Thesis has described an experimental project undertaken by the author 
which began with 4 research questions: 
1-1  What are the key parameters in an experimental towed tether 
system which most effect the tether system behaviour and do these 
experimental parameters accord with theoretically derived predictions? 
1-2  What are the simplest parameter changes which can be made to the 
circularly towed tether system to effectively reduce the diameter of the 
towed payload circle? 
1-3  What flight path of the towing aircraft will provide successful pick 
up and set down of the towed payload? 
1-4  Does the towed tether system lend itself to or require the use of 
automatic control (i.e. an autopilot with ancillary controls for the towing 
aircraft) 
The purpose of this series of experiments was to physically study and gather 
data for the behaviour of a long tether towed behind a circling aircraft. Since 
the primary object was to develop the knowledge necessary to achieve 
controlled towing and set-down/pick-up of payloads attached to the free end 
of the tether, the experiments included an end body. 
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There were two major stages to the project, following on from the necessary 
review of published literature. 
Stage one was a small scale, low cost experiment utilising a variable length 
arm rotating in the horizontal plane as the towing “vehicle” and household 
string as the towed tether. Modelling clay (plasticine) was used as the 
payload. 
The behaviour of the tether and payload under conditions of varying tow point 
angular velocity, tether length and payload mass was studied and quantified 
via photographic and video record. 
Good correlation was found between the experimental findings and the 
predicted behaviour found in published literature. In addition, some previously 
undocumented phenomena were observed, which have significance for the 
application of the circle tow method to the full scale case of payload delivery 
and retrieval. 
Stage two was a progressive set of experiments leading to the 
instrumentation of a radio controlled model aircraft and a towed payload to 
gather real time data for the behaviour of the towed payload and aircraft 
under straight line towing, circular towing and pick-up/set-down conditions. 
Stage two concluded with a full scale flight test, towing a 500m tether with a 
windsock as the end body. 
Page 6-240 
Despite several setbacks, data was gathered and some previously 
undocumented phenomena found in the subsequent analysis of the data. 
6.1.1. Stage One: Indoor Small Scale  Test. 
Key observations from this stage of the project were as follows: 
A. The observation was made that the high rotational speed, low mass, 
short tether case agreed well with the low rotational speed, high mass, 
long tether cases described in published literature. 
B. It was found that a mid tether mass reduced the towed circle diameter 
for the same towing circle diameter. 
C. The mid tether mass eliminated the multi-value region of operation that 
existed at certain combinations of rotational speed, mass and tether 
length. 
D. The mid tether mass was seen to induce three stable states during 
acceleration of the rotating system from stationary. 
E. The fan test suggested that mid tether drag would have the same 
effect as mid tether mass. Results of testing at larger scales, when 
towing a banner with a mid-tether drag, confirmed this result. 
6.1.2. Stage Two: Model Aircraft Test 
This stage of the project was conducted in two phases. Phase one was 
towing a tether with a large banner attached to the end. Phase two replaced 
the banner with a payload and moved toward instrumenting the aircraft and 
the payload. 
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Key observations from this stage of the project were as follows: 
For the towed banner phase: 
F. The same observation was made here as was made in the Indoor Test 
phase. Namely, that the observed behaviour agreed well with 
predictive modelling. 
G. A mid tether drag, provided by a windsock was seen to have the same 
effect as the mid tether mass in the indoor test, in reducing the towed 
circle diameter. 
H. Under the right circumstances, banner motion opposite to the direction 
of motion of the towing aircraft could be induced. 
For the towed payload phase: 
I. Successful, repeatable pick-up and set-down of the payload was 
demonstrated on multiple occasions. A first in Australia. 
J. The tether served to decouple short term aircraft path disturbances 
from the payload path. 
K. It was found that a successful set-down can be accomplished in less 
than one full orbit of the towing aircraft. Predications from analytical 
work were that multiple orbits would be required. 
L. Cross wind conditions which drive the payload outside the towing circle 
can result in a counter rotation where the towed payload moves in the 
opposite direction to the towing aircraft. 
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M. Cross wind conditions which drive the payload outside the towing circle 
can result in significant vertical motion of the payload as the aircraft 
approaches and moves away from the payload. 
N. There was complete failure to achieve successful autopilot control of 
the towing aircraft in high  bank angle, small radius turns, resulting in 
all experimental flying being manually controlled. 
For the full scale case: 
O. The full scale flying clearly demonstrated the effectiveness of reducing 
the tow circle radius in reducing the radius of the towed payload circle. 
This parameter appears to be the most readily changeable parameter 
with the most impact of towed circle radius. 
P. The full scale flying highlighted the need for flight path guidance to 
provide a safety margin. 
Q. The full scale flying demonstrated the need for an effective means of 
flight path guidance to enable flying of a true ground referenced circle 
in the presence of wind. 
6.2. Conclusions And Future Work 
The work presented in this Thesis resulted in observations which confirmed, 
at an experimental level, the results predicted in theoretical modelling by 
multiple authors over an extended period.  
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The work also resulted in observation of, and data for, several phenomena 
not predicted in published literature. Some of the phenomena have no direct 
relevance to the work toward a successful implementation of towed aerial 
tether payload delivery. Others of the phenomena have direct applicability 
and, in the opinion of this author, requires further work to either incorporate, in 
some cases, or protect against, in others, the effect of these phenomena on 
the circularly towed aerial tether. Thus, this work adds to the existing body of 
knowledge and provides some guidance for future work required to bring the 
concept of circularly towed tethers to a useable state as a practical payload 
delivery and retrieval system. 
As an overall observation the author found it a matter of some curiosity that 
phenomena as heavily studied analytically as the circularly towed aerial tether 
had so little experimental support. The author’s finding of previously 
undocumented tether behaviours suggests that there could be yet further 
significant contribution to the knowledge of this topic by additional 
experimental projects, similar to that undertaken by the author. 
Over the following paragraphs, conclusions will be presented for each of the 
observations listed above, using the same paragraph identifying letters.  
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A. The significance of this outcome is that there can be good confidence 
held, going forward, that the existing models and analytical tools hold up 
well under the practical implementation of circularly towed tethers. 
With the exception of the observation of new phenomena, it was found 
that observed physical behaviour of the tether and payload correlated well 
with the behaviour predicted by analytical methods. In one instance, that 
of the mid-tether drag body, the insertion of this drag into the equations 
derived by Williams, showed the equations successfully modelled the 
behaviour which had been observed but not previously studied. Thus, as a 
tool for confirming this part of the body of analytical work, the experimental 
series was successful. 
The absence, in analytical work, of predictions of the phenomena 
observed during this experimental series does, however, indicate that 
further experimental work is required in order to ensure that all the 
unexpected phenomena are exposed. For instance, in discussions 
between the author and aircraft operators engaged in aerial towing of 
targets for military gunnery practice, the author was advised that the 
behaviour of the towed targets differed in left turns versus right turns. The 
observers were of the opinion that this was due to the wound tow cables 
increasing or decreasing tension slightly as the cable winding tightened or 
unwound. The observed result was that the towed payload rose during a 
turn which tightened the winding, and fell during a turn which loosened the 
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winding. This author has found no reference to this behaviour in any of the 
published literature studied. 
 
B.  The finding of the effect of a mid-tether mass or drag is especially 
significant. The phenomena was observed for both the Indoor Test and the 
small scale model case, as noted in G. above. 
The benefit of mid-tether mass in reducing the end circle diameter was 
demonstrated in the Indoor Test, whereas the benefits of drag in reducing the 
towed payload circle diameter was demonstrated in the small scale aircraft 
case.  
Further work is required to determine the optimum relationship between the 
drag magnitude and position in relation to the payload mass. It would also be 
of interest to determine if distributed drag along the tether is as beneficial as 
drag at a discrete point. Both these matters would be valuable fields for 
further analytic and experimental work. The comment was made earlier in the 
thesis that the phenomena had been successfully analysed by Paul Williams, 
using his existing model, once the phenomena had been identified. 
The previously referenced Beauchamp Legg made an observation to the 
author, that he found a rough rope to be the best tether material for his air-
show routine using the circularly towed tether technique.  
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A tether with distributed drag, such as Beauchamp Legg’s “hairy rope” 
would be far easier to handle than a windsock. It would however result in a 
heavier tether (also good for reducing end body circle diameter) of greater 
cross sectional area. This would lead to a weight penalty on the towing 
aircraft for a larger tether winch. 
C. An extension of the benefit of the mid tether mass in decreasing the end 
body circle diameter was the observation that it also eliminated the multi 
value region of operation.  
Published work indicates that various instabilities can occur in the aerial 
towing of bodies. Operators who tow aerial targets have made the 
observation to the author that these instabilities can snap the tow cable. 
To date, active control systems on the towed payload have been 
considered as the means of overcoming these instabilities. Alternately, the 
operating envelope of the towed tether system can be restricted to avoid 
the speed, drag, weight combinations which induce oscillations. The 
addition of the mid tether drag, by reducing or eliminating the multi-value 
regions of behaviour, results in recovery of that “lost “ operating envelope, 
without the complexity, weight and cost of an active control system. 
The work to be done is to develop the method for optimum drag 
determination for any given tether/payload combination. Both analytical 
and experimental determination needs to be evaluated. 
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D. The observation of the three states of motion during rotational acceleration 
of a system with both mid and end tether mass, was interesting but 
appears to be of no particular relevance to the aerial towed tether case. 
The rates of rotation in the full scale case are so low, that the centripetal 
acceleration effects of the high rotation rate Indoor Test are completely 
absent.  
Noting also that the phenomenon was only observed during the start-up 
and slow-down cases makes it even less applicable.  
The phenomena would provide an interesting analytical study but, in the 
opinion of the author has no particular practical significance. 
E. The observation that mid tether mass and drag appear to be 
interchangeable in terms of effect on towed payload circle diameter leads 
to two possible options for tether type. A useful trade study would be to 
determine whether a high density, low cross sectional area tether is 
preferable to a low density high cross sectional area tether when 
considered in terms of overall system costs, weight and volume. 
There may be also some significance in the case of yarns in fabric mills, 
as previously discussed. Here there is a high rotational speed, low mass 
system where variations in yarn mass could prove important. 
F. Already commented in A. above 
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G. Already commented B. Above. A valuable further study would be to 
explore optimum mass and optimum drag and system trade-offs. 
H. The “counter rotation” noted in H. and M. above is of substantial concern. 
It was completely unexpected and not noticed until post-flight data 
analysis. It has considerable implications for successful payload 
positioning without complex and expensive payload position sensing 
equipment. Commentary on these phenomena is continued in L. and M.  
below, for the cross wind case. 
I. A major confirming result from this experimental series was that the 
delivery and retrieval of small payloads was demonstrated multiple times 
and was readily repeatable. The author believes that this result was the 
first physical demonstration of these phenomena subsequent to the work 
carried out in the 1950’s by the missionary pilot Nate Saint. 
The author’s experience of being able to gain competence in the piloting 
technique necessary to achieve successful pick-up and set-down, starting 
from a fairly low skills base, is encouraging. It suggests that, when applied 
at a full scale level, pilots of average skill will be able to fly the delivery and 
retrieval manoeuvres successfully under conditions of zero or very light 
wind. 
J. The de-coupling of tow aircraft motion from towed payload motion by the 
action of the tether has implications in the reverse direction. Concerns 
held by the author in the early stages of the experimental program proved 
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to be unfounded. These concerns were that instability in the payload 
would result in a negative impact on the flight path holding of the tow 
vehicle. The de-coupling provided by the tether served to isolate the 
aircraft from these instabilities. When evaluating towed payload 
configurations having ineffective passive stabilisation, it was observed that 
the, at times, violent motion of the payload did not reflect up the line to the 
tow vehicle.  
K. Analytic work has suggested that successful payload delivery and retrieval 
requires several 360 deg turns to be made by the towing aircraft. This was 
found to be true for the payload pickup, with the multiple turns being 
required to gain altitude following the tether taking up the weight of the 
payload. 
Prior to this experimental series, it was believed that several complete 
orbits by the tow vehicle would be required to achieve a successful 
payload set-down. By comparison, there was the observation that 
successful payload delivery could be accomplished with the towing aircraft 
completing as little as one half of a full circle.  
It was however observed that high descent rates of the payload occurred 
during a set-down achieved in one half turn of the tow vehicle. The 
practical consideration of this result is that careful control is required to 
prevent the payload from touching down with a high descent rate. The rate 
of descent is related to payload mass, tow aircraft velocity and tow aircraft 
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circle diameter. Further work is required to accurately define the 
relationship between these parameters. This result suggests that some 
means of sensing rate of descent may be necessary on the payload for a 
practical realisation of circularly towed delivery method. It also suggests 
that automation of the task would serve to reduce the potential for damage 
to the payload arising from ground impact. 
L. Further work is required to understand the cause of counter rotation 
motion particularly that observed on several of the flights carried out under 
strong wind conditions. The author sees no useful benefit from these 
phenomena. Rather, this is seen as a phenomenon which must be 
protected against. 
The only effective remediation found was to discontinue circling of the 
towing aircraft, to fly in a straight line until the payload was again behind 
the aircraft, and then to return to the circling behaviour. This is time 
consuming and hence costly in terms of aircraft operating and crew costs. 
The appearance of this phenomenon under strong wind conditions 
suggests that there will be practical limits to the permissible wind strength 
under which this delivery technique could be safely carried out. The case 
for this limit is even stronger with observation M. below. 
M. The vertical motion induced in the payload under wind conditions which 
drive the payload out from under the circle of the towing aircraft is a 
substantial limiting effect. It renders the timing of the actual set down 
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critical, so as to not coincide with one of the periods of vertical motion 
observed. It also indicates that the aircraft would need to make substantial 
alterations in height once the payload was successfully on the ground to 
avoid picking it up again. 
The author anticipates that this phenomenon could lead to the need for 
tether winches capable of rapid tether release and retrieval, in order to 
damp out the tether tension changes caused by motion of the aircraft 
toward and away from the payload. This would add substantially to the 
weight of the deployment winch required, due to the increased motor 
power required to achieve rapid retrieval. 
An observation, applicable to both L. and M., is that the full behaviour of 
the towed payload under strong wind conditions is a field of study which 
has not, so far, been documented in published literature. Considerable 
further work is required to fully understand the results of wind effects and 
to design mitigators to allow payload delivery to be accomplished under 
the variety of conditions likely to be encountered in field conditions. It will 
seldom be practical to restrict operations to periods of zero wind.  
In particular, work is required on the practical application of a tether 
tension control winch, to adjust for the observed payload vertical path 
disturbances found in the results for test flights carried out under strong 
wind conditions. 
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It should be further noted that test case was carried out in a relatively 
small air mass where there would be little variation in wind across the air 
mass. This is markedly different from the Tacamo case where there could 
be significant wind differences across the volume of the air mass (10,000 
ft radius X 20,000 ft vertically). Further work is required to analyse and test 
for the effects of wind shear across the tether length and across the tow 
circle diameter. 
N. The project demonstrated that the sustained high bank angle flight 
manoeuvres required may be beyond the normal operating limits of 
current commercial autopilot systems. Autopilots are basically designed 
for the “wings level” or low bank case. Development of new autopilot 
systems may be required, particularly if it is necessary to accomplish 
payload delivery and retrieval with unmanned aerial vehicles, which lack 
the safety factor of a pilot on board. This would be rich area of work. 
O. The effectiveness of bank angle changes in changing the towed body 
circle radius confirmed modelling and analytical predictions. It appears to 
be the primary control parameter available to system operators by which 
they can easily shape the tether. In conjunction with P and Q this adds to 
the view that a control system providing flight path guidance and 
incorporating a controlled tether winch is an essential element of a future 
successful circularly towed tether payload delivery/retrieval system. 
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6.3. Research Questions and Answers 
 From the foregoing it can be seen that answers were found for all the 
research questions 
1. What are the key parameters in an experimental towed tether system 
which have the greatest effect on the tether system behaviour? 
ANSWER. The key variable parameters identified were tow circle radius, 
tow circle angular velocity, tether length and payload mass. Of these the 
tether length, tow circle radius and angular velocity are the most easily 
altered during payload delivery. Tow circle radius is the most easily 
changed parameter and one having the most effect on the objective of 
bringing the towed payload to a near stationary state, thus allowing for 
payload delivery or retrieval. Payload mass is fixed. There was some 
effect attributed to tether surface texture by some persons interviewed by 
the author. These effects were not personally observed by the author. 
An important parameter ratio was determined experimentally that has 
significance for reduction of the towed circle radius. This is the ratio of 
tether length to towing circle radius. As L/R exceeds 6 the towed circle 
radius tends asymptotically to a limiting value of approximately 10% of the 
towing circle radius. This was found in both the small scale indoor 
experiments and the full scale experiment. 
Page 6-254 
2. What are the simplest changes which can be made to the circularly 
towed tether system to effectively reduce the diameter of the towed 
payload circle?  
ANSWER: The outstanding finding of the experimental series was the 
effect of the addition of mid tether drag or mass. This had the observed 
effect of reducing the payload circle diameter to 20 % of the theoretical  
minimum of 10% of the tow circle diameter. i.e. down to 2% of the tow 
circle diameter. Given that this is a purely passive method of reducing the 
towed payload circle diameter, while at the same time eliminating unstable 
(multi-value) modes of tether behaviour it represents an extremely cost 
effective, beneficial and easily managed means of reducing the towed 
payload circle diameter. 
When combined with the previously mentioned L/R ratio, an extremely 
simple means of reducing the payload towed circle radius is to have L/R 
>6 with a high drag tether. 
3. What flight path of the towing aircraft will consistently provide 
successful pick up and set down of the towed payload? 
ANSWER: Payload retrieval requires that the towing aircraft must fly 
several successive circles while altitude is increased to a point where the 
flight path can be safely changed to straight line without risking impact with 
terrain or obstacles. The number of circles and the height gain required 
Page 6-255 
will vary on a case by case basis dependent on the retrieval site 
geography. 
Payload delivery has been consistently demonstrated with a half circle 
(180 deg) course reversal by the towing aircraft. This comes at a cost of 
added system complexity to protect against high vertical speed touchdown 
of the payload. 
4. Does the towed tether system lend itself to or require the use of 
automatic control (i.e. an autopilot with ancillary controls for the towing 
aircraft)?  
ANSWER: A complex control system is required combining aircraft flight 
path control, aircraft velocity control and aircraft altitude control with tether 
tension and tether deployment/retrieval to control the payload position to 
the maximum extent possible. The readily changeable parameters are 
Tow Circle diameter by means of aircraft path control. Tether tension 
control adds a dimension of cost, weight and complexity, not explored by 
this experimental series, but considered to be necessary in light of some 
of the findings of the experiments 
6.4. Concluding Remarks: 
The series of experiments described in this Thesis has been a rich field of 
study, which yielded great personal satisfaction to the author. 
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The results achieved suggest that a practical realisation of the payload 
delivery technique under discussion is definitely achievable. The finding of 
previously unexplored phenomena suggests the need to augment the 
analytical work with further experimental work, to achieve the fullness of 
understanding needed to support practical implementation. 
The first application as a personnel retrieval device will be quite a ride! 
 
Page 7-257 
 
 
7.  
 7..APPENDIX A  PAYLOAD POSITION  
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Figure 0-1 Wind Sock Circle Radius Calculation
Page 7-259 
 
Page 7-260 
Calculation of the Towed Windsock Circle Radius is made by reference to the diagram at Figure 0-1 and the 
photographs at Figures Figure 5-38, Figure 5-39 and Figure 5-40. 
 
Calculations are made using the spreadsheet at Figure 0-2. 
 
 
1) Apparent Strut length I-J is measured off the photo and entered in the spread sheet at Colum B 
2) Windsock position is projected onto the strut, Apparent Strut Crossing Length measured, and 
entered onto the spread sheet at Column C 
3) The ratio of 1) and 2) is used with actual strut length to calculate actual strut crossing in column 
D 
4) D multiplied by Cos(21 deg) + 84 inches gives the distance from the Strut Crossing to the 
Aircraft Centreline, calculated in Column E as DC 
5) Spar Crossing distance below the Wing, is (144 in –DC) X Tan(21 deg), calculated at Column F 
as distance D 
6) Windsock Depression Angle below the wing is ATAN(D/DC) calculated at the spreadsheet in 
column G as α 
7) Total Depression angle is Bank Angle + α, calculated at column H 
8) WindsSock to Centreline Distance is Tether Height /TAN α calculated at column L 
9) Towed Circle Radius is Towing Circle Radius – Windsock to Centreline distance, Calculated at 
column M 
10) Percentage of towed Circle Radius to towing circle radius is then calculated at column N 
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Figure 0-2 Towed Circle Radius Calculations
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8.  
 8..APPENDIX B  FLIGHT TEST DATA 
STAGE 2 FLIGHT TEST 
The series of tests, described collectively as stage 2 test, have been described in Chapter 
5. Also described in that chapter are preliminary observations about the data gathered and 
about results achieved. 
This Appendix adds more detailed commentary, considers the data collection in greater 
depth and comments more on the methodology of data analysis. 
When considering hardware for this program, the Micropilot MP2028g system was 
selected for two main purposes. 
Firstly, it was selected to provide an autopilot system, in order to explore automated flight 
path guidance for the towing aircraft. In this mode it provides full three axis control and the 
ability to define a flight path for the aircraft to automatically follow. Later in this current 
chapter, comment is made on the results achieved in this experimental program using 
these capabilities. 
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There existed a secondary control requirement in addition to control of the towing aircraft. 
The topic of behaviour of aerial towed bodies was studied during preparation of the 
Research Proposal. This indicated the high probability that there would be a need to 
provide stabilization of the payload attached to the free end of the tether. This need would 
exist during the higher speed, straight towed portion of the experimental flights. It would 
diminish during the circularly towed portion of these flights, as the velocity of the towed 
payload decreased. Later in this current chapter comment is made on the results of flight 
path stabilization of the towed payload. 
The other major reason for selection of the Micropilot system was its data-logging 
capability. This is the topic discussed in this chapter. 
The MP2028g provides two types of data capture capability: Internal and Telemetry 
INTERNAL DATALOG 
The MP2028g has an extensive internal datalog which allows “after the event” analysis of 
flights. 
It also has a telemetry output which allows “off-aircraft” recording of selected parameters. 
The internal datalog captures data for a fixed set of parameters at a rate of 5 samples per 
second. The parameter list is shown in Table 1 Datalog Fields. This data is stored in non-
volatile memory on the MP2028g circuit card for retrieval after flight. The data is stored in 
a space delimited text file. 
The data recording begins when GPS speed is greater than zero. This results in a 
limitation in data capture which is noted in Chapter 5.
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Col Field  Notes 
1 CurrentPitch  Current value of pitch in system units (radian ×1024) 
2 CurrentRoll  Current value of roll in system units (radians ×1024) 
3 dPAltitude  
Target altitude – depending upon configuration, either the pitch from 
altitude, or throttle from altitude feedback loops will adjust pitch or throttle 
setting in an attempt to minimize the differences between target altitude and 
the actual altitude. This field is in feet × –8 (i.e. –80 is 10 feet above the 
ground). 
4 yDot  
Y accelerometer in system units (g × 100 – 100 is 32 feet per second 
squared). 
5 dRoll  
Target roll in system units (radians × 1024). The ailerons from roll feedback 
loop adjusts the ailerons to minimize the difference between target roll and 
actual roll. 
6 Heading  GPS heading in degrees × 10 
7 LocationE  Position in feet × 8 east of the origin 
8 LocationN  Position in feet × 8 north of the origin 
9 dPitch  
Target pitch in system units (radians × 1024). The elevator from pitch 
feedback loop adjusts the elevator to minimize the difference between target 
pitch and actual pitch. 
10 gpsSpeed  Speed from the GPS receiver in feet per second 
11 AGL  
Raw output of the ultrasonic transducer – divide by 36.5 to convert to feet. If 
the AGL board is not enabled, this field is not defined. Note that the AGL 
provides altitude information at a rate that is less than 5 Hz. As a result, 
there are numerous “zero” altitudes in this field. This is not a concern as 
they are filled out after the data is recorded in the datalog. 
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12 GPSStatus  
Status of the GPS receiver. See Table 13.2 GPS Status for a description of 
this field. 
13 Servo 1 (ailerons)  Servo 1 position (fine servo) 
14 Servo 2 (elevator)  Servo 2 position (fine servo) 
15 Servo 3 (rudder)  Servo 3 position (fine servo) 
16 Servo 4 (throttle)  Servo 4 position (fine servo) 
17 Servo 5  Servo 5 position (fine servo) 
18 Servo 6  Servo 6 position (fine servo) 
19 Servo 7  Servo 7 position (fine servo) 
20 Servo 8  Servo 8 position (fine servo) 
21 cmd  
Current command being executed. See Table 13.4 Current Command for a 
description of this field. 
22 
reserve+(Step × 
256)  
reserve is roughly proportional to the number of spare CPU cycles. Step 
identifies the current command being executed. To obtain step divide by 
256 and discard the remainder. 
23 CHANGED  
Specifies which sensors have changed as well as the state of the RC link. 
See Table 13.3 Changed Status Field for a more complete description of the 
bit fields in this table. 
24 TMPRT  Raw output of the temperature sensor. This value is not calibrated. 
25 GPS_POS_E  GPS position (degrees east) 
26 GPS_POS_N  GPS position (degrees north) 
27 Current speed  Current speed, from the airspeed transducer in feet per second 
28 Target speed  Desired speed in feet per second 
29 currentAltitude  Altitude in feet × -8 
30 cState  State of thread 0's current command 
31 corrRoll  Roll transducer zero correction 
32 corrPitch  Pitch transducer zero correction 
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33 GPS_POS_U  GPS altitude in meters 
34 GPS_VEL_U  GPS velocity in the Z direction in meters per second 
35 x_acc  X acceleration as read from the x accelerometer 
36 compass  Heading from compass. If a compass is not present this field is not defined. 
37 
current Yaw or 
hover Offset X 
(helicopter mode)  Current angle of yaw or offset from the hover point in the body X direction 
38 
desired heading or 
hover Offset Y 
(helicopter mode)  Desired heading or offset from the hover point in the body Y direction 
39 
heading control PID 
loop velBodyX  Heading control PID loop or velocity in the body X direction 
40 
Climb state or 
velBodyY (helicopter 
mode)  Climb state or velocity in the body Y direction 
41 Correction pitch dot  Correction pitch dot  
42 Correction yaw dot  Correction yaw dot 
43 Body pitch dot  
Pitch dot, in body axis, in radians × 1024 per second × 21 (dividing by 375 
will give degrees per second) 
44 Body roll dot  
Roll dot, in body axis, in radians × 1024 per second × 21 (dividing by 375 
will give degrees per second) 
45 Body yaw dot  
Yaw dot, in body axis, in radians × 1024 per second × 21 (dividing by 375 
will give degrees per second) 
46 target heading  
Target heading in degrees. The roll from heading loop adjusts target roll in 
order to minimize the difference between target heading and actual heading
47 Event  Indicator of exceptional circumstances. This field is for internal use only. 
 
Table 1 Log Data Parameters 
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TELEMETRY DATA 
 
The MP2028g has a COM output line which provides an RS-232 data stream. This data 
steam is the telemetry data which is usually input to a wireless modem for downlink to a 
ground station. The COM output can also be input directly to the Serial Port of a computer 
in the lab environment for data capture. 
Two types of telemetry data are available: Standard Telemetry and User Defined 
Telemetry. 
The Standard Telemetry is a pre-defined fixed set of parameters, some of which duplicate 
data recorded in the internal Log file. This data is transmitted as a block of data 5 times 
per second. The data is in a space delimited text file format. 
The standard telemetry data set is shown in Table 2. 
Col Data 
1 Time (hh:mm:ss) from the PC's clock 
2 GPS position east in degrees and decimal degrees 
3 GPS position north in degrees and decimal degrees 
4 Pitch in radians × 1024 
5 Roll in radians × 1024 
6 Airspeed in feet per second 
7 GPS speed in feet per second 
8 Altitude in feet × -8 
9 Rate of change of altitude in feet × -8 per second 
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10 Heading in degrees × 100 
11 Error field that contains error indicator 
12 Status bitfield See Table 13.6 Telemetry Status 
13 Main battery voltage in volts × 100 
14 Servo battery voltage in volts × 100 
15 Throttle position 
16 Status2 bitfield (For internal use only) 
17 
Time, in seconds, from the start of a video that a snapshot was 
saved 
18 Frame count at the time (field 17) of the video snapshot 
 
Table 2 Telemetry Data parameters 
User Telemetry is a set of parameters selected by the operator/programmer. The current 
value of any of the autopilot fields can be transmitted in the User telemetry. There are 
several hundred of these fields available. 
As with the Standard Telemetry, the User Telemetry is transmitted 5 times per second. It 
is also in a space de-limited text format. 
To utilize the telemetry data it is necessary to have a ground system to record the 
transmitted data, as well as a data-link to carry the data from air to ground. The Wireless 
modem system used as a data link is discussed in the chapter on hardware set up. For 
data link capture and recording the standard Windows Hyper terminal function was used. 
Micropilot's Horizon Software also provides this capability. This however was not used. 
DATA STRUCTURE. 
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As noted above, the logged data (Internal Log) captures the values of a fixed set of 
parameters (47 in all). Two lines of data are shown in the sample below. (the individual 
single lines of data wrap onto 3 lines on an A4 page width. The space between 3 line 
blocks represents the individual line break in the recorded data) 
535 -585 -1600 4 -204 523 1463 -3833 -486 60 0 8192 31744 -32768 -7168 4607 0 0 0 0 21 1541 157 12 
144.857879 -37.448951 57 68 -3586 3 -589 250 450 14 -5 0 788 268 20 4 276 -434 5312 2048 -8000 271 
217 0 0 65537 
 
483 -595 -1600 4 -308 523 1463 -3833 -458 60 0 8192 -32768 -32768 -7168 4607 0 0 0 0 21 1542 157 12 
144.857879 -37.448951 59 68 -3598 3 -589 250 454 14 -2 0 687 268 20 4 278 -430 7312 -4624 -5568 268 
217 0 0 131074 
 
Each parameter value is separated from the next parameter by a space. Each line break 
represents a 0.2 sec increment in time. 
The telemetry data is similarly structured but has far fewer data blocks  A one second 
sample of standard telemetry is shown below.  This is a Standard Telemetry block with 18 
recorded parameters. 
 
10:49:31 144.796116E  37.553486S  64 -64 4 0, 24, 2, 14592 0 193 524 400 0 0 0 0 
10:49:32 144.796116E  37.553486S  64 -64 4 0, 24, 2, 14592 0 193 524 400 0 0 0 0 
10:49:32 144.796116E  37.553486S  64 -64 4 0, 24, 2, 14592 0 193 524 400 0 0 0 0 
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10:49:32 144.796116E  37.553486S  64 -64 4 0, 24, 2, 14592 0 193 524 400 0 0 0 0 
10:49:32 144.796116E  37.553486S  64 -64 4 0, 24, 2, 14592 0 193 524 400 0 0 0 0 
 
DATA REDUCTION AND ANALYSIS 
Two analysis tools are readily available to support data reduction and analysis. 
Micropilot provides a Data Log Viewer tool that provides retrieval of the stored Data Log 
files from the MP2028g. This tool runs on a PC under Windows. 
When a logged file is retrieved from the MP2028g, the Log Viewer tool automatically 
stores it in a LOGS folder under the folder containing the Log Viewer program on the host 
PC. The downloaded file can then be selected for viewing. 
The Log Viewer program presents the raw data in a table format with column headings 
identifying each parameter, and with each row representing one 0.2 sec increment of data. 
A sample screen shot is shown at Figure 8-1. 
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Figure 8-1 Log Viewer Data Table 
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The second function of the Log Viewer program is to provide plots of the 
downloaded data, several of which were incorporated in the body of the 
thesis. For example Figure 5-20 showing the flight path for a FLY file with four 
waypoints at the corner of a square. 
The data plot screen has 3 windows which are described in the following 
paragraphs. See Figure 8-2. 
Log Viewer automatically produces a position plot of the MP2028g, from the 
Lat and Long record in the Log File.  
The position plot appears in the lower left window of the data plot screen. The 
units for display may be selected by the user. In the example, the display 
units have been selected as meters from the position at which the MP2028g 
was initialized. Statute measurement can also be selected. Alternately, raw 
position in Latitude /Longitude format may be selected. 
A deficiency is that the position plot is not automatically time stamped. This 
results in some tedious manual data comparisons to establish the time line for 
the plotted position. 
Log Viewer also allows the user to select other parameters to be plotted 
against time. Double clicking on the column identifier in the data table selects 
a parameter to be made visible on the data plot. The parameter plot window 
occupies the upper half of the data plot screen. 
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It is possible to select multiple parameters for display. If this is done then the 
parameters selected are plotted together in the same upper window on the 
data plot screen. 
For example, in Figure 8-2, the column identifier for altitude has been 
selected. This results in the upper window on the data plot screen displaying 
the graphical data for Altitude in the units selected  
The lower right window on the data plot screen identifies the parameter(s) 
selected for display.  
A point on either the position or parameter plot may be selected by using the 
mouse to position a cursor dot at the selected point. In Figure 8-2, the cursor 
has been placed on the altitude plot. The corresponding position is 
automatically located on the position plot window. Simultaneously, the 
parameter values for the selected parameters are printed in the lower right 
window. 
The plots may be printed or copied individually or together to allow their 
inclusion in other programs (e.g. as figures in this Thesis.) 
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Figure 8-2  Log Viewer Plot Page 
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The Log Viewer program presents data from a single downloaded file only.  
In the present series of experiments, two MP2028g systems were used in the 
later stages of the series. One in the towing aircraft and a second in the towed 
payload. In post processing of the flight test data it was desirable to view 
simultaneous plots of the data from both aircraft and payload data logs. It was 
also desirable to have raw data from both logs tabulated side by side. 
The Data View program lacks the ability to display both aircraft and payload data 
on the same plots. 
As previously noted, the data logs are stored in space delimited text files. It is a 
simple matter to import these files into an Excel spread sheet. The data appears 
then with individual rows representing 0.2 sec increments of data blocks. The 
columns show the data for the parameters stored in the logs. 
Manual selection of columns, followed by cutting and pasting allows side by side 
presentation of data of interest. 
Similarly, manual selection and formatting allows overlay plotting of aircraft and 
payload data on the one plot. 
Figure below shows a such a constructed plot of aircraft and payload position. 
Page 8-277 
Figure 8-3 Aircraft and Payload Latitude/Longitude position 
This simple visual presentation was used to quickly identify points of interest in 
the recorded data for closer study. It allowed several important observations to be 
easily made. These are discussed later in this chapter. 
A significant issue in this form of data review is synchronizing of the data logs 
from the two sources. The MP2028g internal data log lacks any form of time 
stamp. A time stamp is available in the Standard Telemetry data logs, where one 
of the parameters is time from the PC’s clock. Use of this time stamp requires 
synchronizing of the clocks in the PC’s used to record the separate telemetry logs 
form the towing aircraft and the towed payload.. A third time stamp is available in 
User Telemetry, where the parameter, GPS Time, can be recorded. 
It was intended that the third of these time stamps would be used. However, an 
unresolved problem with the telemetry function was that it was only ever possible 
to have one of the 2.4 GHz telemetry system functioning at a time. Theoretically, 
Page 8-278 
and according to instructions from MicroPilot, it should have been possible to 
have the two in operation simultaneously, by setting the two systems to different 
channels. This was attempted on several occasions, but did not result in both 
systems operating together. 
An alternate means of data synchronization was required. 
Three methods could be considered but of them only two were available and 
could be used in practice. 
1) The MP2028g operates in one of three modes. Computer in Control (CIC), 
Pilot in Control (PIC) and Remote Piloted Vehicle (RPV). These are defined 
and discussed elsewhere in this Thesis. A parameter recorded in the internal 
datalog is the mode of operation. For this present need (time stamping) the 
two modes of interest are CIC and PIC. Changing between CIC and PIC is 
accomplished by means of a discrete switch on the RC control transmitter 
used to guide the aircraft manually. Each switch transition is recorded in the 
internal datalog. Thus a mode transition, triggered by the pilot, can be used to 
set an event marker in the datalog. If both payload and towing aircraft are 
equipped with radio control systems, then event markers can be 
simultaneously recorded in both data logs and used for post processing 
synchronization. 
 
2) Method 1) would be suitable in larger scale towed experiments. However 
limitations on payload mass in the small scale experiments precluded the use 
of an RC receiver in the payload and hence prevented the recording of a CIC 
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to PIC event marker. For this configuration, synchronisation was initially 
achieved by flying a flight profile with distinct recognizable patterns or 
segments which could be correlated between the payload flight path and the 
towing aircraft flight path logs. There was a complicating factor in this method, 
in that data recording in the payload did not commence until the payload was 
in motion. Depending on the pickup profile flown, there could be minutes of 
time lapse between aircraft takeoff and payload pickup. 
 
3) A third method, and the one that was ultimately used, is to simultaneously turn 
off the tow aircraft MP2028g and the payload MP2028g. This results in 
simultaneous termination of logging on both systems. Since the timing of the 
sensor platform and the logger is GPS synchronised, the recorded data for 
(say) 5 min 33secs before log termination will have been recorded in the 
same 1 second interval. This is sufficient timing accuracy for the purposes of 
these experiments. 
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